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INTRODUCTION

In 1999, the Agricultura Research Service's (ARS) Nationa Program Staff worked hard at defining
ARS s National Programs These National Programs define the research agenda for the agency and
rel ate these research activities to the nation’ sneeds. These arefurther divided into componentsand within
these components, into more well defined research thrusts. Each of our research programs can be rel ated
to these research thrusts and thus to the overal National Program and to the needs of thegenera public.
Our research gaff hasbeen actively involvein the devel opment of theseNational Programsto assurethat
our research program and our client’ s needs are well represented. In the future, our research program will
be judged based on how well we fulfill the objectives of the associated National Program. Our research
program is diverse and isincluded in severd ARS National Programs, namdly:

201 - Water Quality and Management

204 - Globa Change

207 - Integrated Farming Systems

301 - Plant, Microbid, and Insect Genetic Resources, Genomics, and Genetic Improvement

108 - Food Safety

At the end of 1999, Susan Moran left the laboratory to become Research Leader for the Southwest
Watershed Research Laboratory, Tucson, Arizona. We will miss Susan’s contribution to the |aboratory,
but expect to continue cooperation with her in the future. Susan, we wish you well in your new position.

For FY 2000, we received additiona funds for research on food safety. These new funds will be used to
study the use of municipa and anima waste for irrigation, and the associated potentia degradation in
groundwater qudity. Detailed plansfor the project are being prepared and we will be hiring anew scientist
during 2000 to conduct this research.

Water conservationisan immense chalenge. Itisso broad and so critica to society both here and abroad
that the opportunities for positively impacting both science and practice are dmost limitless. With our
present funding and dtaff, we are able to tackle only a few aspects of this problem. However, the
laboratory should be proud of itslong history of producing meaningful and useful research results. Our job
isto identify those areas of research that are most critica to the long-term sugtainability and enhancement
of modern society. While water is a renewable naturd resource, it is dso a limited one, and one upon
which the entire planet depends for its surviva.

In the last century, once abundant water resources have become over-allocated by an ever growing
population. We can only imaginethe critica water problemswewill faceif thistrend continues for another
century. But whatever that scenario, science will play akey role in helping society find the appropriate
ba ance between the environment and human needs. That is our chdlenge.

Bert Clemmens
Director
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HISTORY

The U.S. Water Conservation Laboratory is part of the Agricultural Research Service (ARS), the mgor
research am of the U. S. Department of Agriculture. The primary misson of ARS is to help meet the
nation’ sfood and fiber needs. ARSworks closdly with the State Experiment Stations, State Departments
of Agriculture, other government agencies, public organizations, farmers, ranchers, and industry. The
organizationd structure of ARS is designed to insure active research programs and to provide maximum
responsiveness to the needs and problems of the public.

The U. S. Water Conservation Laboratory was established in centra Arizonain 1959 to devel op methods
to conserve surface and groundwater used for agriculture. Research focuses on more efficient use of water
and reduction of water losses in the soil-plant-atmosphere continuum. More recently, research has
expanded to include studies in water quality, new crops with low water requirements, and effects of
increased carbon dioxide on crop production, water use, and climate. The research is nationd in scope
with international impact and dedl's with both present and potentia problems.  Although research results
are documented primarily in technicd literature, the saff works directly with State and Federa agencies.

In addition, the staff works closdy with industry and individuds to facilitate technology trandfer. New
concepts and prototype equipment aretested cooperatively under actua conditions. The Laboratory does
boththeoretica and gpplied research at fiddd Stesand in laboratories. Facilitiesarewell equipped for these
purposes. Specidized dectronic and mechanica prototype equipment ismadein-house. Basic equipment
to support the research programsincludes e ectronic instrument calibration gpparatus, dataacquisition and
processing computers, controlled environmental rooms, sophisticated water flow calibration, control and
measuring devices, and a spectra imaging anayzer system. Specidized laboratory andyticd insruments
consist of a mass spectrometer, gas and high performance liquid chromatographs, automated titrator,
solution andlyzer, infrared gas anayzer, eectropheretic equipment, and cytological microscope.

The researchteamsare composed of engineersand scientiststrained in variousdisciplines. Thedisciplines
represented arecivil, agriculturd, and hydraulic engineering; soil and biologica stiences; physics, chemidry;
and plant physiology and genetics. Support staff consists of agriculturd, biologicd, and physica science
technicians, an eectronics engineer, a computer systems manager, a program analyst and a machini<t.
Adminigrative support includes secretaries, clerks, and maintenance personnd.

The tota Laboratory research effort operates under two research groups that work closely in a multi-
disciplinary, cooperative manner: the Irrigation and Water Quality (I& WQ) and the Environmenta and
Pant Dynamics (E& PD) Research Units.
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The mission of the U. S, Water Conservation Laboratory (USWCL) is to conserve water and protect
water qudity in sysems involving soil, aquifers, plants, and the aamosphere. Research thrusts involve
developing more efficient irrigation systems, improving the management of irrigation systems, developing
better methods for scheduling irrigations, devel oping the use of remote sens ng techniques and technol ogy,
protecting groundwater from agricultural chemicals, commercidizing new industrid crops, and predicting
the effect of future increases of atmospheric CO, on climate and on yieds and water requirements of

agricultura crops.
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LABORATORY MANAGEMENT

,. ALBERT J.CLEMMENS,B.S.,,M.S,, Ph.D., P.E., Laboratory Director,
lﬁ!i Research Leader for Irrigation and Water Quality, and Supervisory
- ‘ Resear ch Hydraulic Engineer
Surfaceirrigation system modeling, design, evaluation, and operations; flow
measurement inirrigation canals; irrigation water delivery system structures,
/ operations management, and automation.

y HERMAN BOUWER, B.S, M.S, Ph.D., P.E., Chief Engineer and
Resear ch Hydraulic Engineer

™ \Water reuse; artificial recharge of groundwater; soil-aquifer treatment of
N sewage effluent for underground storage and water reuse; effect of
. ] groundwater pumping on stream-flow; surface water-groundwater relations.

JOHN A. REPLOGLE, B.S, M.S, Ph.D., P.E., Chief Scientist and
~ Research Hydraulic Engineer

- Flow measurement in open channels and pipelines for irrigation; irrigation
. water delivery system structures, operations, and management.

BRUCE A. KIMBALL, B.S., M.S, Ph.D., Research Leader for
Environmental and Plant Dynamics and Supervisory Soil Scientist
Effects of increasing atmospheric CO, and changing climate variables on
crop growth and water use; free-air CO, enrichment (FACE) and CO,
open-top chambersand greenhouses, micrometeorol ogy and energy bal ance;
plant growth modeling.




LABORATORY SUPPORT SERVICES

ELECTRONICSENGINEERING LABORATORY
D.E. Pttit, Electronics Engineer

The electronics engineering laboratory is staffed by an dectronics engineer whose duties include design,
development, evauation, and cdlibration of eectronic prototypesin support of U.S. Water Conservation
Laboratory research projects. Other responghilitiesinclude repairing and modifying e ectronic equipment
and advisng staff scientists and engineersin the selection, purchase, and upgrade of € ectronic equipment.
Following are examples of work orders performed in 1998:

. Continued to design the Generation 2 probes.

. Designed and congtructed a five-channe narrow band infra-red amplifier board with temperature
monitor and power regulators.

. Continued Generation 2 probe software modifications.

. Ingaled LPKF circuit board mill machine and the following software packages. (1) ORCAD

Schematic Capture, (2) ORCAD Printed Circuit Board, (3) Circuit CAM, and (4) Board Master.
These four software packages interconnect and were backed-up to aCD ROM disk. The CD
ROM writer hardware was ingtaled for archiving shop project designs which include schematics,
printed circuit board files, computer aided design (CAD) computer aided machine (CAM) mill
machine files, and writeups on operations.

. Designed schemati ¢ capture parts and printed circuit board footprintsfor the gppropriate ORCAD
libraries being used in the five-channd infra-red amplifier.

. On-gtetraining by LPKF representatives plus sdf-pacing training of both Circuit CAM, Board
Master, and ORCAD programs.

LIBRARY AND PUBLICATIONS
Stefani Morgan, Publications Clerk

Library and publications functions, performed by one publications clerk, include maintenance of records
and filesfor publications authored by the Laboratory Research Staff, including publications co-authored
with outside researchers, as well as for holdings of professona journds and other incoming media.
Support includes searches for requested publications and materias for the Staff. Library holdingsinclude
gpproximately 2200 volumesin various scientific fieldsreated to agriculture. Holdings of some professond
journals extend back to 1959.

The U.S. Water Conservation Laboratory List of Publications, containing over 2000 entries, ismaintained
on PROCITE, an automated bibliographic program. The automated system provides for sorting and



second or third place prizesl Work isin progress to make the experimental program available to
teachers and students worldwide via scientific and educationa publications and programs.

Science and Engineering Exposition, October 6, 1998. The U.S. Water Conservation Laboratory
and the Maricopa County 4-H held its annual Science and Engineering Exposition (SEE), to which
Junior and senior high teachers are encouraged to bring their classesto participate in "hands-on"
demondtrations. The goa of Seeisto excite and motivate students about careersin science and
engineering. SEE featured nine stops on atour of demongtrations, or mini-experiments, designed to
have the students actively participate and suggest how the problems presented might be solved. To
assig teachersin incorporating the information presented at the Expodition into the curriculum, study
guides are sent to each class about two weeks prior to the event.

ARS I rrigation and Drainage Exhibit at the International Irrigation Show. USWCL
coordinated an ARS exhibit on irrigation and drainage (1& D) research at the annua Irrigation
Association International Exposition, November 1-3, in San Diego, CA. The exhibit wastitled
“Irrigation and Drainage in Harmony with the Environment” and featured the on-line verson of the
“Directory of ARS1&D Researchers and Research” onthe ARS web Site. Besides the directory,
vigtors were able to vidt other web stes on the ARS home page and &t ARS locations. The registered
attendance of the Expo was about 7000, and the ARS exhibit was well attended. Severa hundred
copies of “Sciencein Y our Shopping Cart” were distributed dong with copies of Agricultural
Research magazine. The Irrigation Association provided complimentary exhibit space, and the exhibit
was otherwise supported by Dale Bucks, Nationa Program Leader for Water Quality and Water
Management. The exhibit booth was staffed by 1&D researchers from ARS locations at Phoenix,
Arizona; Fresno, Cdlifornia; Florence, South Caroling; and Lincoln, Nebraska



printing selected lists of Laboratory publications and is now accessble on LAN by the Research Staff.
Publications lists and most of the publications listed therein are available on request.

COMPUTER FACILITY
T.A. Mills, Computer Specidist

The computer facility isstaffed by onefull-time Computer Specidist and one Computer Assstant. Support
is provided to dl Laboratory and Location Adminigtration Office computer equipment and gpplications.
The fadility isrespongble for recommending, purchasing, ingaling, configuring, upgrading, and maintaining
the Laboratory’ sLoca and Wide AreaNetworks (LAN, WAN), computers, and peripheras. TheLAN
consst of multiple segmentsof 10 Base-T, 100 Base- T hubsand one 100V G hub. The LAN issegmented
using a high speed switching hub. Segments are made up of CAT 3, CAT 5 and standard Ethernet. This
configuration currently provides over 200 portsto six Laboratory buildings. Internet serviceis provided
by Arizona State University (ASU) viaa Point-to-Point T-1 line. Our Laboratory also provides Internet
access to the Western Cotton Research Center by an additional T-1 line through our router. The
Laboratory maintains aClass C block of Internet addresses operating under the domain uswcl.ars.ag.gov.
The Laboratory LAN is comprised of several servers operating under Windows NT 4.0. End users
operate mainly under Windows 95 and Windows NT 4.0 with afew OS2 workstations. Services such
as E-Mall, print, file, remote access, and backup are provided by theLAN. TheLaboratory maintainsits
own Web Server, which can be accessed at www.uswcl.ars.ag.gov.

The Laboratory is currently in the process of adding three fiber optic gigabyte backbone segments.

MACHINE SHOP
C.L. Lewis, Machinist

The machine shop, staffed by amachinist and contracted assstant, providesfacilitiesto fabricate, assemble,
modify, and replace experimenta equipment in support of U.S. Water Conservation Laboratory research
projects. The following are examples of work orders completed in 1998:

A bracket was fabricated for use as part of the Rilot-Static Tube System to measure irrigation well
discharge. The bracket was constructed of three pieces of 6061-T6 auminum. The bracket base piece
was cut and machined from 1"'x 1" duminum bar stock to alength of 5.360" +/- .002" with a1.400"x.476"
+/- .002" tongue on one end. Attachment holes were drilled and tapped for 3/8" set screws .5625" and
1.250" from the solid end of the bracket. Two holes, one for clearance and one drilled and tapped for
1/4"-20 thumb screws, weredrilled a 90E from the attachment holes 1.875" and 3.275" from the solid end
of the bracket. Two holes, one for clearance and one drilled and tapped for 1/4"-20 thumb screws were
drilled through the tongue end of the bracket at .3128" and 1.160". A 3/8" bal mill was used to cut a
channel .175"+/-.002" deep across the tongue, .800"+/-.002" from theend. A mounting bracket was cut



USWCL OUTREACH ACTIVITIES

During 1998, the USWCL saff participated in numerous activities to inform the public about ARS and
USWCL research, to solicit input to help guide the USWCL research program, to foster cooperative
research, and to promote careersin science. A summary of those activities follows:

Annual Resear ch Program Planning Meeting, January 12. Participantsincluded 42 “users’ and
representatives from consulting firms, commercid enterprises; federd, tate, and county agencies,
universties, the ARS Nationd Program Staff; and other ARS locations. Most of the day was spent in
facilitated breakout groups representing the five USWCL research areas. Participant packages,
containing an overview of the meeting and summary of visitor input and group discussons, were later
provided to vigtors, ARS management, and other ARS locations.

McKimmey Middle School Earth Day, April 21. USWCL provided an exhibit. Among the
handouts, over 100 copies of “Sciencein Y our Shopping Cart” were distributed.

Agricultural Summer Ingtitute, June 22. USWCL conducted a session of this one-week indtitute,
which was attended by thirty-two junior and senior high school teachers from across Arizona

“Experimentsfor the Classroom.” The USWCL web Ste contains experiments suitable for high
school science classes.

Northern Arizona University Plant Biology Class Visit. About three times ayear, the New Crops
program hosts a Plant Biology class from the Northern Arizona University continuing education
program in Hagdtaff, Arizona. Gail Dahlquist, Agricultura Science Research Technician (Plants),
organizesthevigts,

Student Participation in New Crops Program. Four students from the Carl Hayden High School
Agriculturd Biotechnology program in Tempe, Arizona, worked with the New Crops program. All had
separate projects, and all recelved an outsde award and/or college scholarship for their work.

Student Science Fair Projects. Terry Coffelt, Research Geneticist, asssted two students with
science fair projects.

“Poor Man’sBiosphere.” Sherwood Idso took his* poor man’s biosphere”’ approach to global
change experimentation to three loca schools where it was tested successfully in an honors botany high
school class, an eighth-grade genera science class, and afifth-grade class at an dementary school of
the St River Pima-Maricopa Indian Community. At the high school, the experimentd program was
the basis for the honors botany class entry in a statewide science project competition that won the
participants first place in the state and a $10,000 award for science enrichment activities. The project
was deemed so outstanding with respect to al other entrants that the judges refused to award any
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and milled to 1.365"x1.000"x.470"+/-.002". Two holes, onefor clearance and one drilled and tapped for
1/4"-20 thumb screws, were drilled into the mounting bracket, one hole at .1828" from the end the other
hoe at 1.055" fromtheend. A 3/8" bal mill was used to mill achannd .138"+/-.002" deep across the
mounting bracket .5025" from the tapped hole. The second mounting bracket was cut and milled to
1.680"x1.000"x.475" +/-.002". Two holes, one for clearance and one drilled and tapped for 1/4"-20
thumb screws, were drilled at .055"+/-.002" from each end of the bracket. A bal mill was used to mill a
channel .350"+/-.002" deep across the bracket .840"from the end.

Sixteen sets of pipe racks were fabricated to transport and store 12-inch PV C pipe used by the FACE
experiment. Each rack set consists of a base constructed of two 50-inch 4x4 wood studs with three 2x4
wood stud cross pieces 60 inches long and attached to the 4x4 pieceswith 2%2-inch wood screws. Four
2x4x19 3/, inch pieces were attached to the 4x4 pieces between the 2x4x60 inch studs using 2% inch
wood screws. The end and center pipe supports were fabricated by ripping 20 foot 4x4 studs at 45E
angles. The angle cut pieces were then cut into 3 ¥z inch lengths and attached to the base using 2-inch
wood screws. Three setsof rack spacerswerethen fabricated from 2x4 wood studs cut to 50-inch lengths
withend and center pipe supports attached to both sides using 2-inch wood screws. Each set of rackswas
then treated with Thompson's water seder.

Fifty timer boxes used in the fabrication of opportunity timersfor the Irrigated Farm Management Project
were modified for further assembly purposes. A fixture was first fabricated to provide a precison sart
point for dl milling operations. The box lids were then modified by milling openingsin thelong ends. Each
end was milled on three surfaces. The box baseswere modified by milling openingsinthelongends. The
closed end was milled on 5 surfaces and the open end of the box was milled on 9 surfaces. All milling
operations were run with tolerances of +/- .002".

A Psycrometer Input Panel was fabricated for use in the FACE experiment. The pand wasfabricated in
two piecesof 1/4" plate 6061-T6 duminum. The pand was cut and milled to 20.000"x 17.000"+/- .002".

Seventy-two 1/2" through holes were then drilled ¢/c 1.750". Two hundred and eighty-eight holes were
drilled and tapped for 2-56 pan head machine screws. These holeswere drilled at four points equidistant
around the 1/2" holeswith atolerance of +/- .002". A base platewas cut and milled to 6.250"x 17.000"+/-
.002". Thebase plate waswelded to the panel at 80 degrees. Theweld wasthen ground to surfacelevels,
and the entire unit was sandblasted to a matte finish.



SAFETY

G. McDonndll, J. Askins, and K. Johnson

The Laboratory Safety Committee enjoyswell-deserved respect from theemployees. The committeetakes
itsduties serioudy and hasworked diligently to insure compliance with dl EPA and OSHA regulaionsand
radiologica safety protocols. Employees are encouraged to report all safety concerns, even those that
might ssem trividl.

In addition to severd standing committee members, Sx other members serve three year terms, with two
members rotating off each year. Current committee members are Terry Coffdt, Doug Hunsaker, Paulina
Harner, Brian Wahlin, Stacy Richards, and Stephanie Johnson, rotating members, Bud Lewis (shop),
Francis Nakayama (radiologica/chemicd), and John Replogle (hydraulics lab), sanding members.

It is a time-consuming commitment, and requires judicious management of time and work priorities.
Saving on the safety committee, however, is graifying in terms of its record of accomplishments.
Following are some of the results of the committee' s efforts in1998:

. The annud safety fair has grown into a week-long series of activities, drawing attendees from a
number of locations nationwide. A greet ded of credit isdue Dixie Albright, Location Safety and
Occupationd Hedth Manager, for the scope and impact of this activity.

. A chemicd inventory data base was developed that provides dl the published information
employees would need on a given chemicdl.

. The hazardous waste marshding area for the location, which includes the USWCL and the
Western Cotton Research Laboratory next door, was brought into compliance with EPA
regulations.

The Lab gtaff thanks the committee for their good work on our behalf.



STUDENTSAT USWCL
J. Askins

The USWCL has enjoyed a mutudly beneficid reationship with students from nearby Arizona State
Universty over theyears. Students come under workstudy agreements and student federal appointments.
They perform avariety of tasks, from collecting samples to solving computer problems; from numbering
vidsto writing protocols, from weighing soil to processing and analyzing non-soil data. Studentswho work
in the clerica/adminigtrative area have worked in personnel and safety areas as well as doing genera
clerica work such asfiling and copying. Operation of ARS automated systems, publication clerk duties,
and literature searches are a so performed.

The students benefit from the income and experience, and we benefit from their enthusasm, up-to-date

expertise, and energy. Some have stayed on after graduation, even earning PhDs under ARS assistance
programs.
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|&WQ Organization

IRRIGATION &
WATER QUALITY|

A. J. Clemmens

Research Leader
|
WATER PROJECT IRRIGATED FARM
MANAGEMENT MANAGEMENT
E. Bautista | | F. J. Adamsen
Agricultural Engineer Soil Scientist
H. Bouwer | | |  W.L.Alexander
Research Hyd. Engineer Agronomist
A. J. Clemmens | | A. J. Clemmens
Research Hyd. Engineer Research Hyd. Engineer
J. A. Replogle | | D. J. Hunsaker
Research Hyd. Engineer Agricultural Engineer
B. T. Wahlin | || T. S. Strelkoff
Civil Engineer Research Hyd. Engineer
Mission

The misson of the Irrigation and Water Qudity Research Unit isto devel op management strategiesfor the
effident use of water and the protection of groundwater qudity inirrigated agriculture. The unit addresses
high priority research needsfor ARS sNationa Programsin the areaof Natura Resources & Sustainable
Agriculturdl Systems. Theunit primarily addressesthe Water Quaity and Management Nationa Program.
It also addresses the application of advanced technology to irrigated agriculture.
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& WQ RESEARCH STAFF

gt  FLOYD J. ADAMSEN, B.S,, M.S,, Ph.D., Soil Scientist

' Management practices that reduce nitrate contamination of groundwater while
B maintaining crop productivity; application of 100% irrigation efficiency; winter
' __' crops for the irrigated Southwest that can be doublecropped with cotton;

aspects of vegetable crops, partlcularly dripirrigation, chemigation, and p&t _
control.

" EDUARDO BAUTISTA, B.S, M.S, PhD,
. Agricultural Engineer

On-farm irrigation system hydraulic modeling; hydraulic modeling of
irrigation delivery and distribution systems; control systemsfor delivery and
distribution systems; effect of the performance of water delivery and
distribution systems on-farm water management practices and water use
efficiency; integrated resource management and organizational development
¥~ | for irrigated agricultural systems.

HERMAN BOUWER, B.S., M.S,, Ph.D., P.E., Chief Engineer and g
Resear ch Hydraulic Engineer

Water reuse; artificial recharge of groundwater; soil-aquifer treatment of
sewage effluent for underground storage and water reuse; effect of

4 ALBERT J.CLEMMENS,B.S,,M.S.,Ph.D., P.E., Laboratory Director,
Research Leader for Irrigation and Water Quality, and Supervisory
Resear ch Hydraulic Engineer

s Surfaceirrigation system modeling, design, evaluation, and operations; flow
measurement inirrigation canals; irrigation water delivery system structures,
operations management, and automation.
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IRRIGATED FARM MANAGEMENT ANALYTICAL LABORATORY
K. Johnson, S. Colbert, and J. Askins, Physicd Science Technicians

Following isadescription of thefunctions of thelrrigated Farm Management (IFM) Anaytica Laboratory.
The IFM Lab is staffed by the three physica science technicians listed above.

High performance liquid chromatography (HPLC) is used to analyze nitrate and other anions in soil
samples. The computer was given network capability for future backup facilitation and data access.
Methods for data aquisition were revised as the detector was changed and as different ions were to be
andyzed.

The autoandyzer, asystem utilizing colorimetry to determine nitrate and ammoniacontent of water samples
and extracts of soil samples, was run and maintained. The need to dispose a hazardous substance,
cadmium, inacoil used by theinstrument, was discovered and addressed. The software has been updated
to a more powerful Windows based system.

The laboratory has been determining total eementa carbon and nitrogen from soil samplesfor many years.
The system was upgraded in 1997 to include the anadlysis of C® and N on the isotope ratio mass
spectrometer. Samples dso have been run on this machine for groups other than IFM. New software
required development of anew protocol. Fine-tuning of the instrumentation required much research and
telephone assistance from the company that manufactured the instrument and created the software.

In addition to running and maintaining instruments, research technicians process data and address the
precison of the data. Good precision testing derts the operator to the necessity of arerun and informs
scientigts of data rdigbility. Technicians dso weigh soil samples, collect samplesin the

field, hep with irrigation and other field work, write and update protocols for both reference and training,
count seeds, and perform numerous other dutiesas needed. Combining and summarizing datafrom HPLC,
autoanayzer, and weighings were expedited by creating macrosin aspreadsheet. One of the technicians
will be sent for training in running the atomic absorption spectrometer, soon to be moved into this
[aboratory.

A short term god isto have data from the weighing and the insrumental analyses aswell astheir summary
avallable dectronicaly, and progress has been made in this direction.

14



IRRIGATED FARM MANAGEMENT
CONTENTS

Studies on Consumptive Use and Irrigation Efficiency
DJ Hunssker and A Clemmens .. ...ttt e et 17

Developing Guidelinesfor “ Fertigation” in Surface-Irrigated Systems
F.J. Adamsen, D.J. Hunsaker,and AJ. Clemmens . ..., 21

Useof aLow Cost Color Digital Camerato Measure Plant Parameters
F.J. Adamsen, P.J. Pinter, J., T A. Coffdt,andEM.Barnes .. ..................... 24

Surface Irrigation Modeling
TS Stredkoff and AJ. Clemmens . . . ... ... 27
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IRRIGATED FARM MANAGEMENT

MI1SSION

To develop irrigation farm management systems for arid zones that integrate year-round crop rotationa
drategies with best management practices (BMPs) for water, fertilizer and other agricultural chemicals,
These systems will be environmentdly sustainable, protect groundwater qudity, and be economicaly
viable.
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STUDIES ON CONSUMPTIVE USE AND IRRIGATION EFFICIENCY

D.J. Hunsaker, Agriculturd Engineer; and A.J. Clemmens, Supervisory Research
Hydraulic Engineer

PROBLEM: Effectiveirrigation management providesthetimely and correct amount of water consstent
with the crop water demands, soil conditions, crop production gods, and environmenta quality gods.
Irrigation efficiency (IE) is aterm often used to describe the effectiveness of irrigation, where | E isdefined
astherdtio of the average depth of irrigation water that is beneficialy used to the average depth of irrigation
water applied. Beneficial usesinclude crop evapotranspiration (ET,), salt leaching, frost protection, etc.
General measures that can be taken to improve surface irrigation efficiencies include increasing the
uniformity of the water applied, reducing deep percolation and surface runoff, and improving the control
of gpplication depths. However, proper irrigation management is a vitd requirement for ataining the
optimum irrigation efficiency of the sysem.  Thus, the ability to predict actud daily crop water
consumption, or ET,, isof mgor importance.

A practica and widely used method for estimating actua ET, is the crop coefficient gpproach, which
involves caculating a reference crop evapotranspiration (ET) with climatic data:  ET,. can then be
determined by multiplying the reference ET with an appropriate crop coefficient (K,). The Food and
Agricultural Organization (FAO) Paper 24 (FAO-24), Crop Water Requirements publishedin 1977, has
been used worldwide as a primary source for crop coefficients and related ET procedures. Recently, the
FAO published FAO-56, Crop Evapotranspiration, arevison of FAO-24, which presents updated
procedures for calculating reference and crop ET from meteorological data and crop coefficients. In
addition to the single K, model developed in FAO-24, FAO-56 also includes a dual, or basal, crop
coefficent model. Here, K. isdetermined on adaily basis as the summation of two terms: the basal crop
coefficient (K ) and the contribution of evaporation from wet soil surfacesfollowingirrigationsor rain (K ).
Whenthesoil surfaceisdry, K. isequd toK ,, assuming soil moistureisadequateto sustain full crop water
use. The usefulness of the dua crop coefficient model is that it provides better estimates of day-to-day
vaidionsin soil surface wetness and the resulting impacts of irrigation frequency on daily crop water use.

FAO-56 dsointroduced the need to sandardi ze one method to compute reference ET from meteorol ogica
data and thus recommended the FAO Penman-Monteith as the sole method for the calculation of grass-
reference evapotranspiration (ET,). Although FAO-56 presents generdlized crop coefficient values for
use with FAO Penman-Monteith ET,, derivation of locdized vauesbased on the FAO ET, isadvisable
due to the effects of local climatic conditions, cultura practices, and crop varietieson K, or K. In order
to caculate daily crop ET by the FAO-56 dud crop coefficient approach, information on the evaporation
characterigtics of the soil type is aso needed in additiond to Ky, The FAO-56 procedure requires two
soil drying parameters called the readily evaporable water (REW), defined as the maximum depth of
cumulative soil water evaporation (Ey) from the soil surface layer at the end of the stage 1 (energy limiting
stage) drying cycle, and thetota evaporable water (TEW), defined asthe total maximum cumulative depth
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of water that can be evaporated from the soil surfacelayer. FAO-56 presentstypica vaues of REW and
TEW for certain soil typesand recommends that the effective depth of the soil evaporation layer (Z,) used
in the procedures be about 0.10 to 0.15 m. Recently, severd different entities have gpproached the
USWCL interested in new information on consumptive use of cropsinthearea. A particular concern is
the redization that many farmers have been unable to meet atarget irrigation efficiency of 85%. Inaddition
to obtaining information on basal ET for crops, quantifying the contribution of wet-soil evaporation is
particularly important since soil evaporation in excess of basd ET is sometimes included in ET,, as a
beneficid use and sometimesit isnot. The objective of this project isto determine the consumptive use and
atainable irrigation efficiencies for crops presently produced, as well as for severd new industrid crops
that are being developed in the region.

APPROACH: Research is being conducted through a series of field experiments to determine crop
evapotranspiration for current varieties of cotton, whest, dfafa, rape, lesquerdla, and guayule grown under
irrigationand soil conditionscommon intheregion. Crop ET and soil evaporation during different growth
stages in the season will be determined primarily with asoil water balance using neutron probesand time-
domain-reflectometry (TDR) measurements, although other methods such as sap flow gauges and
lysmeters also will be used when possble. Basd crop coefficients will be derived from the ET,, and soll
evaporationdatausing the FAO-56 ET,, method cal culated with local meteorological data. For each crop,
K & values derived from the different experiments will be combined and used to develop crop coefficient
models as a function of common time-based indexes,; e.g., days past planting and cumulative growing
degreedays. The crop coefficient curves will then be tested to determine their effectivenessin predicting
ET, for different field conditions and years.

The FAO-56 soil evaporation parameters, REW and TEW, were derived for a clay loam soil using data
collected during lysmeter studies by USWCL personnd in March-April of 1971. The experimentd Ste
was a 72- by 90-m fidd in Phoenix, Arizona. Theflat, bare fidd was divided into three plots, each plot
surrounding oneweighing lysmeter. On March 2, 1971, two of the lysimeters and surrounding plotswere
irrigated with 100 mm of water. After irrigation, the lysmeter weight loss, and hence soil evaporation, as
well as meteorologica data, were monitored at 0.5-hour intervalsfor 16 continuous days and aso for the
239 and 37" days after the irrigation. Inthe surrounding plots, soil water contents were determined from
gravimetric soil samples for the O- to 0.10-m surface layer and from neutron probe measurements for
deeper s0il layersat 0.5-hour intervas starting two days after irrigation through 16 days after irrigation and
aso for the 239 and 37™" days after irrigation. Soil water contentsfor the clay loam at field capacity (FC)
and wilting point (WP) are 0.34 and 0.16 n® T3, respectively.

FINDINGS: Figure 1 shows the average daily E; for the clay loam soil determined from two lysmeters
during March 1971 for 16 continuous days after irrigation and for the 23 day after irrigation. Alsoshown
inthe figureare estimates of daily E¢ based on the average change in soil water contents (? ?), between the
00:00- and 24:00-hour measurements of a day, calculated over the 0-0.10-, 0-0.15-, 0-0.20-, and O-
0.30-m soil layers. The data of figure 1 suggest that the totd dally soil water evaporation that was
measured in the lysimeters occurred from a soil layer degper than 0.10 m. From the 4™ through the 10"

2



70

—&— Lys.

—Q— )20-0.10-m
—0— )20-0.15-m
—— )20-0.20-m
—0— )20-0.30-m

6.0

5.0

40 +

3.0

Daily E (mm)

20 1

1.0 A

00 +——T—
0 5

Day after irrigation

Figure 1. Average daily soil evaporation (E,) as

determined by lysimeters and the change in soil water
content (??) calculated over 0-0.10-, 0-0.15-, 0-0.20-,

and 0-0.30-m soil layers during March 1971.

14 ] T

| —A— Soil water
—0— EgETo

12

o

10 4

0.8

s

0.6

Daily E /Daily ET

04

0.2

0.0 T T T T T T T T T T T

034
- 0.32
- 0.30
- 028
- 0.26
- 0.24
- 022
- 0.20
[~ 0.18
- 0.16
- 0.14
- 012
- 0.10

0 5 10 15 20 25 30 35 40 45 50 55
Cumulative depth of E_(mm)

0.08
60

Figure 2. Ratio of daily E, to ET, and the soil water _ ;
content within the 0-0.15-m layer with cumulative depth  Note that cumulative evaporation between the

of E; during March-April 1971.

day dfter irrigation, the daily changein soil water
contents within the 0-0.15-mlayer maiched the
daily messured E; particularly well, whereas the
daly change within the 0-0.20-m and 0-0.30-m
layers was often greater than the measured E,
From the 11" through the 16" day after
irrigation, the data suggest that the soil water
change within the 0-0.30-m layer was often a
better reflection of the measured E; than were
the changes cd culated over shdlower soil layers.
However, the determinations of minute daily
changesin soil water contentsfor daysoccurring
11 days dfter irrigation and beyond (which
typicaly were on the order of less than 1 mm)
were probably subject to error arisng from
diurnd water lossand recovery characteristics of
the surface layer, measurement inaccuracy,
spatid variability, etc. Therefore, in the
fdlowing evdudion of the REW and TEW
parameters, it was assumed that the effective

“z depthof surface  evaporation layer (Z,) for the
m% clay loam soil was best represented by the 0.15-

m layer.

ontent 0-0.15-

Figure 2 shows the retio of the daily E; to daily
» ET, for eachof the 16 daysfollowing irrigation,
E plus those for the 23 and 37" days after
3 jrrigetion, plotted as a function of cumulative
depth of E; The figure dso showsthe declinein
s0il water contents within the 0-0.15-m layer
fromthe 2™ through the 37" day after irrigation.

16" and 23" day and between the 23 and 371"
day after irrigation was edimated from the

change in soil water contents within the 0-0.15-m depth. Early inthe drying cycle, when the surface layer
wasmoist, water evaporation occurred at arate closeto the potentia rate, asreflected by thenear 1:1ratio
of E to ET,,. This stage of evaporation, referred to as the stage 1 drying cycle, occurred during the first
three days after the irrigation. Therefore, it can be inferred that REW for this soil is about equa to the 14
mm of cumulative E; during the first three days of drying. As the soil layer dried further, the rate of
evaporation decreased relative to the evaporative demand until it reached avery low rate (. 0 mm on the
23" day after irrigation). Although there was no soil evaporation on the 23 day after irrigation, the soil



layer had dried from 0.18 m® i3 on the 16" day to 0.16 ¥ nv3, the wilting point, on the 239 day. At
that point, the estimated total cumulative evaporation was 36 mm. On the 37" day, the soil water content
of the surface layer had declined to 0.12 m® 73 and the TEW, 42 mm, had essentialy been reached. In
most soils, evaporation can continue to dry the surface layer to awater content below wilting point. An
approximate estimate of TEW is obtained by multiplying the depth of the soil layer by the difference
between the field capacity soil water content and the water content halfway between the wilting point and
the oven-dry point. For example, the calculation based on the FC and WP of our clay loam soil for a0.15-
m soil layer would result in an estimated TEW of 39 mm, closeto the TEW derived in the andlyss.

FAO-56 procedures were used to derive and partition the seasona water consumption for acommercia
cotton grown on a sandy loam in centrd Arizona during 1994. Using the FAO-56 gpproximations, the
vaues determined for REW and TEW for this soil type were only 9 mm and 19 mm, respectively. As
shown in Table 1, soil evaporation represented about 7% of the tota crop ET contributed solely from
irrigationwater. An additional 88 mm of ET were contributed from in-season and pre-season precipitation.
About one-third of the seasond precipitation, which occurred primarily during the early portion of the
season before full crop cover, evaporated from the soil surface. Of the totd 1162 mm of ET consumed
by the crop, 9% was evaporation from wet soil conditions.

Table1. Water consumption for agrower’s cotton field in 1994.

[rrigation water I n-season precip. Pre-season Total

precip.
Basa ET 996 48 13 1057
Sail E, 78 27 na 105
Tota crop ET 1074 75 13 1162

INTERPRETATION: Findingsfrom our evauationsof agrower’ sfield indicated that evaporative water
losses from the soil need to be considered in determining crop water use and irrigation efficiencies. This
wasfurther illustrated by the 1971 lysimeter data presented above, which showed that over 40% of the 100
mm of water gpplied to abare clay loam soil was evaporated from the surface layer. In arid or semi-arid
conditions, soil water evaporation, particularly following pre-plant and early season irrigations, can
therefore represent asignificant amount of water |oss abovethe basa crop water requirement. Information
to quantify crop ET and soil evaporation more accurately will continue to be developed in this project.

FUTURE PLANS: Onceappropriate basal crop coefficient curvesand soil drying parameters have been
developed, they will beincorporated into the FAO-56 dud crop coefficient model, which can then be used
as an effectiveirrigation scheduling tool for determining ET, and soil evaporation on a daily basis. The
FAO modd for ET asowill provideameansto estimate on-farmiirrigation efficiencieson asngleirrigation



bass, aswel asfor the entire season.

COOPERATORS: RickAllen, Professor, Utah State University; Ed Martin, I rrigation Specialist, The University of
Arizona; Huanjie Cai, Professor, Northwest Agriculture University, Y angling, Shaanxi, China.



DEVELOPING GUIDELINESFOR “FERTIGATION” IN SURFACE-IRRIGATED
SYSTEMS

F. J. Adamsen, Soil Scientist; D. J. Hunsaker, Agricultural Engineer; and A. J. Clemmens, Supervisory
Research Hydraulic Engineer

PROBL EM: Applying fertilizer through irrigation water, when properly done, can be a highly effective
fertilizer management practice. Thismethod of fertilizer gpplication, “fertigation,” offers certain advantages
compared to conventiond field spreading or soil injection techniques, such as reduced energy, labor, and
meachinery costs. Moreover, it dlows growers to apply nutrients in small amounts throughout the season
in response to crop needs without the potentia crop damage or soil compaction caused by machinery-

based application methods. Although fertigation is more commonly associated with microirrigation and
sprinkler irrigation systems;, injecting nitrogen (N) into irrigation water hasbecomeincreasingly frequent and
widespread among surface irrigation growers in the western United States. However, unlike pressurized
irrigation systems, which are designed to apply controlled and precise amounts of water to the field,
gpplication of water by many surface irrigation systems can be highly nonuniform and is often subject to
excessve deep percolation and surface water runoff. Consequently, N-fertigation through surfaceirrigation
systems may result in fertilizer digtributed unevenly throughout thefield and potentia nitrate-nitrogen (NO;-
N) contamination of groundwater through deep percolation and of surface water through tail water runoff.
Because the environmenta fate and distribution of nitrogen applied in surfaceirrigation water has not been
sudied extensvely in the fied, adequate N-fertigation management guidelines have not been developed.

APPROACH: The primary objective of the research is to develop information that will lead to best
management practices (BMPs) for N-fertigation through surfaceirrigation systems. The project will derive
this information through a series of extensve farm-scale fidd experiments conducted on representative
surface irrigation systems commonly used in the western U.S. The measurement objectives include the
determinationof the spatia digtribution and seasond variation of N within thefield, and therd ative potentia
of groundwater and surface water contamination as a function of the timing and duration of N injection
during theirrigation event. Irrigation water application distribution aso will be determined for eachirrigation.
Ultimatdy, the data derived from this project will be used to incorporate chemical fate and transport
components into exising soil water and surface irrigation Smulaion modes, which once vdidated, will
alow more comprehensive eva uation of fertigation practices and an expansion of BMPsfor conditionsand
irrigation systems other than those encountered in this project.

In 1999, two smulated fertigation events were conducted on cotton grown in furrowed level basnsat the
Maricopa Agriculturd Center (MAC). The firg fertigation was conducted following cultivation which
provided arapid infiltration rate and a high degree of surface roughness. The second event was carried out
during the third irrigation following cultivation which provided lower infiltration rates and less surface
roughness than the fird fertigation. During both events, potassum bromide (KBr) was injected into the
water stream. The treatments for the experiments were injection during 100%, first 50%, and last 50% of
the irrigation. Water was gpplied to five furrowsin a185 mlong field. Soil sampleswere taken before and
after the event to adepth of 1.2 minthe turn around area at the head of thefield and every 30 mdong the
run. In the turnaround area, two samples were taken and a the sampling locations dong the length of run



sampleswere taken from two adjacent cotton beds and from the furrow bottom of awhee and non-whed
furrow. Sampleswere andyzed for bromide concentration. Irrigation parameters measured were advance
and recession times, flow rate, and surface water depth.

FINDINGS: Figure 1 shows the average
fidd digribution of the change in bromide
concentrationwithin the 0-300 mm soil depth
for each of the three fertigation trestments
folowing the firg irrigation. The bromide
concentration for our 100% fertigation
treatment was depressed at the head end of
the basin (reflecting possible deep
percolation losses), peaked at a distance of
60 m, and then decreased dightly with
distance towards the end of the basin. The
digribution of bromide that was applied
during only the firs 50% of the irrigation
followed atrend quite Smilar to the bromide
digribution for the 100% fertigation
trestment. There was not an apparent
increasein bromideleve at thefar end of our
level basin. In contrast, the bromide pattern
that resulted when fertilizer was injected
during just the lagt 50% of the irrigation
showed strong downward trends with distance.
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Figure 1. Didribution of the change in bromide
concentrationin thetop 300 mm of soil with disance efter
application of bromide during 100%, the first 50%, and
the last 50% of theirrigation of alevel basin.

In level basins, acontrolled volume of water is applied from one end or one corner of abasin, completely
enclosed with perimeter dikes to prevent runoff. Figure 2 shows a relatively uniform infiltrated depth
digtribution for a level basin irrigation, estimated by a smple advection (volume balance) modd. This
exampleillugratesastuationin which gpplying fertilizer during 100% of theirrigation event may bethe best
fertigation option. Injecting fertilizer during just the first 50% of the irrigation may result in poor fertilizer
digtribution uniformity throughout the basin, as suggested by the rather large differences between the
infiltrated depths at the far end versus other areas of the basin after 50% of theirrigation had been applied.
Als0, deep percolation losseswould be proportionately high with thisfertigation application, sncedl deep
percolation water is contributed just from water gpplied during the first 25% of the irrigation. In contrast,
adding fertilizer during just the lagt hdf of the irrigation would result in too much N at the front end of the
basin and too little at the far end, athough there would be no N lost due to deep percolation. Applying
fertilizer during 100% of theirrigation would result in ardatively even distribution of N in theroot zonewith
asmall portion of the total N Ieached with deep percolation (as represented by the area underneath the
deep percolation curve).

INTERPRETATION: The example of figure 2 suggeds that if irrigation uniformity is relatively good,



adjugment of the timing and duration of
fetigation, as opposed to continuous
injection during the entire irrigation, may not 1000 Pl
be warranted. However, it is important to :
point out that fertigation recommendations
derived usng modding techniques, eg., the
ample advection model used above, are

highly speculative, L“ BRSNS
since dispersion, adsorption, and desorption oo o o
processes are ether ignored entirdy in the Distance (m)

models or models have not been validated
based on actud field conditions. In practice,
fertigationrecommendations are expected to
vay widdy, subject to the myriad of
combinations of irrigation specifics, eg., the
Falit between the deep percolation and
runoff, relation between advance and opportunity time, soil texture, changing infiltration and surface
roughness characterigtics, cultural practices, etc. In order to develop models which adequately describe
and predict solute transport processes during fertigation of surface systems, comprehensve field sudies
must be undertaken to devel op dataover awiderange of irrigation systems, practices, and field conditions.
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Figure 2. Cumulative infiltrated depth with distance after
25%, 50%, 75%, and 100% completion of theirrigation
and deep percolation with distance for a level basin
irrigetion system.

The lines in figure 2 represent the infiltrated depth of the first, second third and fourth quarters of an
irrigation gpplied to a200 mlong leve bagn. It isinteresting to note that some Smilarity exists between the
pattern of bromide distribution for a particular fertigation trestment in our level basn experiment (Fig. 1)
and the predicted pattern based on theinfiltrated depth distribution estimated with different field conditions
for the leve basin of figure 2. Our preliminary research results on the timing and duration of fertigation
during theirrigation event suggest that Sgnificant progress can be made towards defining the best fertigation
management drategies for surface irrigation systems. However, technology in thisarealis underdevel oped
and progress has been greatly hindered by alack of sufficient field data.

FUTURE PLANS: Andyssof remaining soil sampleswill be completed. Irrigation detawill be andyzed
usng the software package EV ALUE to estimate average field infiltration and to estimate Manning n values
for surface roughness. Pending additiond outside funding, smilar data sets will be developed for
unfurrowed level basins, furrowed and unfurrowed doping borders with and without runoff over avariety
of soil types and lengths of run in Arizona and Cdifornia. When completed, the data sets will provide a
aufficdent range to develop fertigation guideines for alarge portion of the surface irrigated acreage in the
western United States.

COOPERATORS: Mr.DonaldAckley, ProgramCoordinator, CoachellaV alley ResourceConservationDistrict, Indio
CA; Dr. Bob Roth, station director, Maricopa Agricultural Center, Maricopa, Arizona.



USE OF A LOW COST COLOR DIGITAL CAMERA TO MEASURE PLANT
PARAMETERS

F. J. Adamsen, Soil Scientist; P. J. Pinter, Jr., Research Biologist; T. A. Coffelt, Research
Geneticist; and E. M. Barnes, Agricultural Engineer

PROBL EM: The number and timing of flowers aplant producesis of interest because it can be an
important factor in determining yield. Thetimerequired manually to count flowersinthefield makes
it difficult to carry out large studies involving flower numbers. It is possible to detect flowers on
plantswhich are not obscured by leaves and stemsin digital images. Documenting plant parameters

such as crop senescence rates,
fertility levels, insect damage,
salinity problems, disease and
nematode damage, etc., which
result in changesin plant color, is
often difficult due to the need for
frequent sampling during periods
of rapid change and the subjective
nature of visual observations.
Digitized images of crops should
show temporal changes in the
greenness of crop plantsaswell as
differences related to treatments.
Low cost digita cameras, which
are avalable in the market,
provide an easy and inexpensive
method of obtaining digital images
of plants that can be analyzed for
anumber of plant parameters. The
objectives of thiswork are (1) to
develop the methodology needed
to use digital color images for
documenting crop senescencerate,
flowering, and other plant
parameters, and (2) to apply the
methodol ogy to improve nitrogen
and water management practices.

APPROACH: A digita camera
which costs less than $1000 was
used to obtain images of
lesquerella (Lesquerella fendleri)
in a field experiment of fertility
and seeding rate at the University
of Arizona’s Maricopa
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Agricultural Center (MAC), near Phoenix, Arizona. The experimental design was a complete
factoria of threefertilizer rates and four seeding rates. Fertilizer as ammonium sulfate at rates of 0,
60, and 120 kg ha' was applied at flowering. Digital images of the plots were taken periodically
from mid-March to early-June
using a color digital camera.
Images were acquired between
1030 and 1300 h MST. The
camera had a 1024 by 768 pixel
resolution and twenty-four bit
color resolution. The method
described in Fig. 1 was used to
count the number of flowersinthe
images. The first step in
processing theimages wasto crop
the image so that it showed an
areaof 1m by 1m. All pixelswith
yellow color were identified, and
spots of yellow color were then
counted (Fig. 2). Two indices
weredeveloped. Thesimplest was
the number of pixelsin theimage
identified as flowers and the
second was a count of the number
of spots. Thus far, the number of
flower pixels has been the most
useful.

FINDINGS: Flowering responded
to the amount of fertilizer applied
but not to seeding rate (Fig. 3).

Peaks in flowering occurred _ _ _ )
following irrigations through Figure 2. Results of image processing on theimage from Plot

March and April (Fig. 3). In May A on Apri I_ 15, _1997; (a) cropped image; (p) area of cropped
as the crop approached maturity, ~ 'Mage o_utlmed inred; (c) after color depletion; (d) after color
flowering responded to irrigation ~ "€mapping; (e) after seart_:h for yellow spots;, (f) after
only at the lowest nitrogen level elimination of non-yellow pixels.

(Fig. 33). In plots where fertilizer

was applied at flowering, flower production continued at a higher rate than in the unfertilized plots
which received only preplant fertilizer (Fig. 3). Peak flowering occurred on March 26, 1998, for the
0 N treatment but not until April 16, 1998, for both the 60 and 120 kg N ha® treatments. Peaks in
flowering were less pronounced and the declinein flowering was more abrupt in the 60 and 120 kg
N treatmentsthan in the O N treatment. By June 4, 1998, the last date that images were acquired, all
of thetreatments haessentially stopped flowering. Treatment meansof % flower pixelsfor each date
and the sum of % flower pixelsfrom March 19, 1998, through each date were regressed against the
treatment meansof yield. Thecoefficient of determination for the regression wasthen plotted against




date (Fig. 4). Flowers formed in March and early April appear to have littleimpact on yield. Ther?
values for this period are less than 0.30 while the r? values from the first three weeks in May were
all 0.85 or higher. Thelargest r? for asingle date was 0.95 for May 14. For sums of % flower pixels,
the regression with yield never provided as good afit as the single dates from the first three weeks
inMay. Thedrop off inr? valuesfor single date regressions after May 14, 1998, occurs becausethere
is no difference between treatments in flowers after mid-May while there are differencesin yields
between treatments. Daily high temperaturesin late May typically approach 40° C and may reduce
flowering.

INTERPRETATION: Theflowering datashowsthat whileflowering lastsfor twelveweeks, there
isafour to six week period beginning 180 d after planting that has the greatest influence on yield.
The number of flowers present at the beginning of flowering reflect the emergence and survival of
seedlings, but the early flowers do not reflect yield. Substantial growth occurs after fertilization at
the start of flowering thus much of the seed is formed later in the growing season.

The data suggest that fertilizer application at flowering may not be the best nitrogen management
strategy. Applying fertilizer to achieve growth prior to flowering shoul d shorten theflowering period
and take better advantage of the first flush of flowers formed by having a larger healthier plant.
However, an impediment to early fertilizer application is the slow emergence and early growth of
lesquerella. Because of slow emergence, it was necessary to make four irrigations for stand
establishment. When the crop is grown with surface irrigation, as in this case, minimum water
applicationswere 50 mm. In this case, that means at |east
200 mm of water was applied when the crop was not able
to use it. Applying 200 mm of water to a fertilized crop
often results in leaching of nitrate from preplant
applications below the root zone.

Whilenot shown directly by thisstudy, the flowering data .
suggests that the reason lesquerella responds to planting

date is related to growth of the plant before flowering o)
begins. Earlier planting dates alow for more vegetative ' /

. . . . single date
growth, resulting in larger plants when flowering begins 00 e “a S from 19 Mar
n the Spn ng' 06-Mar 26—‘Mar 15-‘Apr 05—‘May 25-‘May 14-Jun

Results from this study validate the method proposed by ~ Figure 4. Change in coefficients of
Adamsen et al. (in press) for using a digital camerato  determination for regressions of
monitor flowering in a crop. They also show that by  treatment means of percent flower
monitoring flowering, critical flowering times can be  pixels against treatment means of
identified. This can lead to altering production practices,  yield for single dates and for the sums
such as earlier application of fertilizer, to maximizeyield  of percent flower pixels across dates
and smaller morefrequent irrigationsto reducetheeffects  beginning on March 19, 1998.

of short term water stress. The cessation of flowering in

conjunction with weather data should be useful in

determining precise harvest dates.

FUTURE PLANS: Flowering datawill be developed for rape, crambe, afalfa, and vernonia. Rape



flowersaresimilar tolesquerellaflowersin color and crambeflowersarewhite. Vernoniaand alfalfa
flowers are purple to pink in color but appear blue in digital images. These crops should test the
applicability of the general methodol ogies developed for lesquerella. If thiseffort is successful, the
feasibility of counting flowerson other cropssuch ascottonwill beevaluated. Greennessindiceswill
be developed for sorghum and alfalfa. The use of greennessindiceswith forage cropscan help assess
theeffectsof varioustreatmentson regrowth and harvest date. Therel ationshipsof greennessindices
and flower number with fertility and water management will be devel oped. Oncetheserelationships
are developed the will be used to develop improved water and fertilizer management practices.

COOPERATORS: Dr. John M. Nelson, The University of ArizonaMaricopaAgricultural Center; Dr. James M.
Krall, University of Wyoming Research and Extension Center, Torrington, Wyoming.



SURFACE IRRIGATION MODELING

T.S. Strelkoff, Research Hydraulic Engineer; and
A.J. Clemmens, Supervisory Research Hydraulic Engineer and Laboratory Director

PROBLEM: Throughout theirrigated world, water is gpplied to fields unevenly and excessively, leading
to wastage, s0il loss, and pollution of surface and groundwaters. Computer modeling would dlow ragpid
evauation of physica layouts and operation in a search for an optimum. But most modes are limited to
angle furrows or border strips and basins with zero cross-dope and a uniformly distributed inflow at the
upstreamend. Yet large basinsareusudly irrigated fromasingleinlet. Theflow oreadsoutinal possble
directions, and any one-dimensional Smulation must be viewed as a very coarse gpproximation. A non-
planar basin surface influencesthe flow aswdl. Anirrigation stream concentrated in the lower-lying areas
can ggnificantly affect infiltration uniformity. Only atwo-dimensond modd can Smulate these factors.

While a one-dimensiona approach is suitable for furrows, in red fidds, flows in neighboring furrows of a
set are often coupled through common head and tail-water ditches. Talwater from afast furrow can enter
adower furrow from itstail end and modify itsultimate infiltration profile. To gppreciatethe effectsof such
coupling fully, smulation of interconnected furrowsis necessary.

Irrigation management can influence the quality of both surface and ground waters as well as of the field
soils. Irrigation streams can be of sufficient power that soil boundaries erode, with the materia entrained
into the stream and transported downfield, reducing soil fertility upstream. Farther downstream, as
infiltration reduces the discharge or as the result of dope reduction, part of the load, perhaps only the
coarse fractions, might deposit back onto the bed. Or ese, entrained materid can run off the field,
introducing turbidity into drainage water or deposit in quiescent aress, to the detriment of aquatic life.

Chemigationintroduces agriculturd chemicasinto theirrigetion water. Alternatdly, initidly cleanirrigation
water picksup agriculturd chemicasand naturaly occurring minerds, sometoxic, fromthe surface of fieds
and from contact by percol ation through the porous soil medium. Nitrogen, phosphorus, and heavy metals,
for example, brought to farm fields in agricultural operations and naturdly occurring chemicals, such as
selenium, can be transported to surface or subsurface water supplies by irrigation water, to the detriment
of both human consumers of the water resource and wildlife dependent on the receiving water bodies.
Nutrients or pesticides adsorbed to eroded soil in irrigation tailwater is an important example,

APPROACH: Theobjectiveof current work isvaidated computer smulation mode sfor providing quick
responsesto awidevariety of “what-if” Stuations. For example, the trade-offsbetween irrigation efficiency
and uniformity, on the one hand, and soil loss, on the other, could be explored. Recommendations could
then be made on the basis of environmental consderations as well as water conservation and crop yield.
Funding for this effort is provided in part by the Natural Resources Conservation Service,

For one-dimensond single-furrow, border, or basin smulation, user-friendly, menu-driven datainput and
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output graphs and text are linked to a smulation engine based on the universa laws of hydraulics applied
impliatly in fully nonlinear form. Congtants in commonly accepted empirica equations for infiltration,
roughness, and soil erosion are entered asinput. The computer modd, SRFR, is based on this approach.

Two-dimensiond smulationisaso based on hydraulic principles. Under the assumption of flow velocities
small enough to neglect acce erations, force componentsin each of two mutualy perpendicular directions
on the fidd are in equilibrium.  The resulting parabolic partid differential equations, solved implicitly by
locdly linearized finite differencesin the two directions and time, yied awave-like solution encompassing
both wet and dry areas of thefidld. A smilar but one-dimensiona approach, treating wet and dry cdls
uniformly, is applied to multiple coupled furrows.

Eroson, transport, and deposition of irrigated soil is too complex to smulate on the basis of genera
physicd principlesdone. Currently, itisfundamentally an empiricd science, in which the trend in recent
years has been towards ever more genera relationships, containing as much generd physics as possible.
Many conceptua models of parts of the total process have been proposed in order to avoid pure
empiricdsm, but these are only partialy convincing, with researchers intuitively leaning toward one or
another. The measures of a good predictive relationship or procedure are its generdity with respect to
different soils and different irrigation conditions, and ability to predict soil transport at different locationsin
afurrow, especidly in the tailwater runoff, a al times during theirrigation.

| LU ¢4 0% hrnualabon. JIENST.US

FINDINGS: The SRFR 4.00-saries surface-

orn =32 100 1=C Z2C0m

irmgation smulation model has been released | ....... Sy
for downloading through the U.S . Water e CUREACE STREAN -
Conservation Laboratory (USWCL) web site | .., n o
(dso newly available a this site are the earlier | = =7 e
programs, BASIN and BORDER, designand | - T SenEnT TRANSPORT
management aids for level-basin and border- | 2= T~ i
dtrip irrigation). In addition to the wide variety | " o & TR oo
of surface-irrigation techniques and scenarios |- [ INFILTRATION PROFILE ‘

that can be smulated with this menu-driven |2 1™~ o
graphics-oriented program, a preiminary | . .
eroson component is available to cooperating [ ien #15 Tanmean =5k 108 e SEG, LRG0 AnT s
researchers.  Figure 1, drawn from the Sxoimmeiaver ac] oo R

T . . Figure 1. Frame of animated output of SRFR simulation —
anmation displayed by SRFR during a profiles of surface stream depth, sediment load and

smulation, illustrates typical behavior of the  tansport capacity, and infiltrated depths; time=61 min
transport-capacity function and  resultant

sediment loads a oneingant of time (61 minutes into the irrigation). Note the lengthy region behind the
gream front in which the transport capacity and detachment are zero.  Because of upstream infiltration,
the flow rateisso smal therethat the boundary shear isbelow thethreshold for entrainment. Far upstream,
the sediment load grows the fastest at the clear-water inflow, where the trangport capacity is amaximum
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5.0 ] ’ ’ "1 and the existing sediment load zero. With

Calculated with: _
Laursen formula / } distance downstream, the transport capecity
401 Kr=0001 S’mi__"_ffz ] decregs&s due to infiltration, and the sgdlment
- load increases due to upstream entrainment;
g 0 1 both factorslead to reductionsin further growth
C oL, { in the load. ~Eventudly, though, transport
capacity is exceeded, and some of the load
. | starts to deposit back onto the bed. Finite fall
/ / — e ey asurements velocities are seen in the “super-saturated”
0.0 4 : ; concentration of sediment evident in the figure.

%] 200 400 €0
T (min)

Simuishe: EN7L.01) Strelkoff and Bjorneberg (1999), utilizing in

Figure2. Comparison of simulated sediment transport  SRFR’s erosion module the Laursen (1958)
hydrographs at furrow quarter points with averages fomula with a representative paticle size

from measured Trout bean data of July 1, 1994. Site- id in the field ed mi i
specific Kr=0.001s/m, t .=1.2 Pa. Laursen (1958) midrange In the fida-measred mbs  got a

transport-capacity formulain effect. (Strelkoff and ]
Bjorneberg, 1999) e E}:&; .Hr’:: ;-:rl -.\5:; z; Fli T}' P o e o A_
{0l sihicvialan] NE H TN P [ E0f, <EST r' J
T Cpoelfy s ’_l!;/
reesonable  match between results of the E ;};”f
smulation and Idaho field data, as in Figure 2. i * red
They adso found that the Yang (1973) and Ydin z il
(2963) formulas (WEPP) grestly overestimated -
the capacity of furrow flow to carry sediment, with T "T’
consequent under-prediction of depostionbackto 25, 5. 75, 100,
the lower reaches of the furrow. PERCENT OF ZIELD WETTEE 205 1.5

Figure 3. Advance curves—

The_ tWO__dI mensional smulation mOdd wes tested g%?id%ﬁ?nﬁglwith surveyed field elevations;

agandt field messurements obtained in a3 ha (7 solid line: computed, for aplane, level field,

acre) basin at the Gila River Farms, irrigated from

the center of one sde. Monitoring of water levels in 26 locations and a land-leve survey dlowed
edimation of the soil infiltration characterigtics, represented by a power law of time in the early stages,
branching to a congtant infiltration rate after 4 hours of wetting. Assumption of the reasonable Manning
n=0.04 yidded theresultsshownin Figure 3. Predictably, theirregular fidd surface requires additiond time
to wet the high spats; in fact, it is goparent that some 4% of the fidld areais so high that with the given
cutoff, at 97 minutes, it is never wetted. The computations appear to agree with field data to within

measurement errors.

INTERPRETATION: The growing body of smulation software is finding users in the national and
internationd irrigetion community for design, management, and evauation of surfaceirrigation. Itislikey
that studies of the interrelaionship among digtribution uniformity, slandard deviation of surface eevations,
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and inflow rate will provide a useful adjunct to current design software. Predictions of soil erosion,
transport, and deposition are sgnificantly less accurate than predictions of hydraulic performance, but the
influence of design and management is easy to see, S0 that these aspects also can be taken into account.

FUTURE PLANS: In order to get amore accurate Smulation of sediment transport and, in particular,
for subsequent smulation of chemica adsorption to the surface areas of that sediment, the distribution of
particle sizes in the sediment mix should be accounted for. For example, the extensive field work of
Fernandez (1997) shows consstent decreases in sediment concentrations with irrigation time at various
locations along thefurrow. This suggests asupply-limited eroson event, whichis, in the abbsence of scour-
hole formation, a concept possible only in a graded mix. This is because in a cross section essentialy
congtant with time, a homogeneous soil provided with a constant supply of, say, clean water continuesto
churn out sediment at a congtant rate. The reductions with time noted most likely stem from the fact that
gradudly dl of the particles which can be detached are. What remainson the bed are particlestoo large
or heavy to be entrained, with finer ones underneath, protected from scour by the coarse layer at the soil-
water interface.

Deficencies in SRFR noted by users will be addressed, including codescing of successve surges. As
funding becomes available, the two-dimensiona pilot mode will be reoriented towards routine application.
Increasing the dlowable time step, currently very smdl in basnswith afine grid of soil and water surfaces,
will be explored. A multiple-furrow mode will be completed, and additiond field verification for both the
two-dimensional and the coupled-furrows programs will be sought, pending outside financial support.
Long-term plans include incorporation of relationships for cohesve soils, a relatively poorly understood
areainthefield of sediment transport. Incorporation of soil-chemistry componentsis contemplated; water
and soil dinitiesplay a great role in erosion, especidly in clays. Estimates should be made of the pre-
wetting effect for surgeirrigation. Pre-wetting phenomena have been shown to have a Sgnificant effect on
detachment; but virtudly dl of the WEPP erosion database is for pre-wetted (rained-on) soils, which do
not exhibit the violent fine-scale commoation observed at the front of a wave of irrigation water in a dry,
powdery bed. Also, soil and water temperature effects on infiltration and erosion require quantification.

As funding becomes available, chemicd trangport and fate will be included in SRFR.

COOPERATORS:. Thomas Spofford, Natural Resources Conservation Service, National Water and Climate Center,
Portland OR; Luciano Mateos, and Rafael Fernandez, I nstituto de Agricultura Sostenible, CSIC, Cordoba, Spain; David
Bjorneberg, Rick Lentz, Robert Sojka, ARS Northwest Irrigation and Soils Research Laboratory, Kimberly ID; Thomas
Trout, Water Management Research Laboratory, Fresno CA; D.D. Fangmeier, University of Arizona, Tucson AZ;
Marshall English, Oregon State University, Corvallis OR; Roger Stone, GilaRiver Farms, Pinal County AZ.

REFERENCES:
Fernandez Gomez, R. 1997. Laerosion del suelo en € riego por surcos (Erosion of soil in furrow
irrigation), PhD Dissertation, University of Cordoba, Cordoba, Spain. November. 231 pp.
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WATER PROJECT MANAGEMENT
MI1SSION

To develop tools for the management and augmentation of water supplies in arid-region water projects,
particularly those associated with irrigation.  This includes methodologies for measuring and monitoring
water fluxeswith naturd and man-made systems, methodsfor improving control of water within distribution
networks, conjunctive management of groundwater and surface water supplies, artificia recharge of
groundwater, natural water trestment systems (e.g. soil-aquifer treatment), and methods for assesing the
performance of water projectsin terms of water quaity and quantity management.
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MEASUREMENT AND CONTROL OF WATER FLOW UNDER DIFFICULT
CONDITIONS

J.A. Replogle, Research Hydraulic Engineer; and B.T. Wahlin, Civil Engineer

PROBLEM: Thereare many flow conditionsthat are not amenabl e to the use of simple flumesand
weirs. Many other measurement devices and methods are more expensive, more difficult to use, or
less accurate than flumes and weirs. Improvements in these other methods are needed to
complement the advances with flumes and weirs. Problems of continuing interest related to pipe
flows include flow profile conditioning in pipes, field applications of severa flow meters to
irrigation wells, and automatic regulation of flow through large irrigation outlet pipes from main
canalsto lateral canals.

Most delivery cana systems use pipes through the cana banks to deliver flows to farm canals.
Propeller meters, end-cap orifices, Pitot systems, and ultrasonic meters placed in these pipes
frequently are subjected to poorly conditioned flow profilesthat compromise the meters operation.
All of these are affected by upstream pipe bendsand valves. Propeller metersreadily clog in debris-
laden flows and usually can be inserted into trashy flows for only a few minutes. End-cap orifice
meters do not work well on rusted pipe ends. Pitot systems are considered difficult to apply to
dischargesfromwellswithout special wall tapsandinsertion ports. Inserting astandard combination
Pitot-static tube, such as the Prandtl tube, into the outflow end of a pipe has been used. However,
these tubes are expensive, requiring specialized manufacturing techniques not available in most
machine shops. Methods to condition flows and improve the flow profiles are needed, particularly
when short lengths of straight pipe precede the meter.

Fluctuating flow-rate deliveries from a main canal to a secondary canal increase the difficulty of
effectiveirrigation and may require expensive means to monitor total delivered water volume. The
same type of pipe outlets described above are being considered for retrofitting with mechanical-
hydraulic mechanismsthat would stabilize the discharge rate through them regardless of changesin
thelevel of thesourcecanal. Fluctuating flow-rate deliveriesfrom amain canal to asecondary canal
increase the difficulty of effective irrigation and may require expensive means to monitor total
delivered water volume. Steady flows can use simple time clocks for total volume.

Severa pipeflow metering devices are limited in their field use when applied to irrigation canals
and wells for anumber of reasons. Propeller meters readily clog in debris-laden flows and usually
can be inserted into trashy flows for only a few minutes. Portable end-cap orifice meters do not
attach well on rusted pipe ends. Ultrasonic meters are expensive. While improvementsin some of
these have been made, the efforts leave room for further progress.

The several ongoing objectives associated with pipe system flows are: (a) to complete papers and
technical notes regarding the design and calibration of the modified Pitot system for irrigation wells
that can be constructed in ordinary shop settings and the suggestions for ssmplifying the use of
portableend-cap orifices (see previous Annual Reports); (b) to devel op practical methodsto achieve
effective flow conditioning for flow meters installed in difficult short-pipe situations, and (c) to



evaluate prototypes of clog-resistant propeller meters that have been manufactured to our
suggestions.

APPROACH: Standard calibration procedures were previously completed on the end-cap orifice
system. An alternate pressure tapping system was studied. This involved using a small static
pressuretube (with holesdrilled through itswalls), similar to that used for the Pitot system described
last year, to detect the pressure in the approach pipe upstream from the orifice. The tube was
inserted through a grommet-sealed hole in the face of the orifice plate near the pipewall so that the
pressure sensed was that for one pipe diameter upstream from the face of the orifice. No further lab
datawere gathered.

A new float-operated valve that can be used in combination with awater inflated bag is proposed
to be inserted under a gate, made to raise aweir, or fitted into the pipeline from amain canal to a
secondary canal to maintain a desired flow level at locations. These are cross referenced to the
related “Pipe-Flow” project report for the pipe flow situations. These modifications for channels
will be reported herein. The objectives are to develop hydraulic flow control devices applicable
where accessto el ectricity may not be convenient and to eval uate the effectiveness of their function.
Thisis an extension of the previously developed DACL (Dual Acting Controlled Leak) systems.

Methods to condition flow profiles in pipe outlets will include insertion of minimum contraction
orifices and sidewall vanes. A special 30-inch diameter pipe facility is now ready for conducting
these tests.

A meter builder in Fair Oaks, California, (Globa Water) constructed and furnished two industrial
propeller meter prototypes following our debris shedding design proposals. They will betested in
the 30-inch diameter pipe facility mentioned above. An ultrasonic velocity probe will be used to
define this flow field.

Thelarge pipe system has been modified to alow testing of apipe flow control concept using anew
valving and obstruction idea. The equipment will be installed into the pipe, preferably in a"kit"
format that can be adapted to many field situations, and evaluated in terms of response times and
flow stability.

FINDINGS: End-cap Orifice: The orifice system calibrated as expected from theory, and is more
repeatabl e than corner tappings on a pipe of uncertain end quality. The convenience aspects of the
system were demonstrated. (No new data acquisition is planned.)

Flap Gate: We expected that, astheflow in the pipeincreased, the changein the pressure gradeline
should decrease because there would be more kinetic energy used to keep the flap gate open.
However, no distinct pattern could be seen from the data. Low flows and high flows produces back
pressureson the order of only 4 mm to 6 mm of water column. (No new dataacquisitionisplanned.)

Flow Profile Conditioning: There are no new findings to report.

Propeller Meter: This has been delayed for higher priority studies. There are no new findings to
report.



Pipe Flow Control System: A new DACL valving system was devel oped because a commercial
version did not provide the needed functions. The new valve appears to be capable of all required
functions but needsto be laboratory and field proven. A variety of low-cost bag products has been
collected. The bag concept was tried on a small model and appeared to function well. Scaling
problems have not been ruled out.

Thishasbeen started and is planned to continue. Progressincludesdesigning and building asuitable
low-cost valving system and companion pipeflow obstruction method that isready to betested (Fig.
1& 2). A small model of the concept operated as hoped. The new valving equipment was not used
inthesetests, but had to be ssmulated by other means. Thetest facility was modified to allow testing
of the control concept.

INTERPRETATION: End-Cap Orifice: This version of the end-cap orifice can be installed on
well pipe outfalls without any specidly drilled holes. The corner tap locations of the origina
version, which also did not require pipedrilling, are somewhat sensitiveto poor pipe-end conditions.
Whilethisversion cannot be used if the pipeisin badly eroded condition, it is somewhat forgiving.
Theorificestill requirestheinstallation to provide standard lengths of straight pipefromthelast pipe
bend.

Flap Gate: While the analysis is still incomplete, preliminary findings are that flap gates cause
negligible back pressure on pipelines that are flowing full. No new interpretations have been
developed, pending reactivation to complete the technical note. The difference between low and
high speed flow was not significant.

Pipe Flow Control System: Stable flows in secondary canals permit low-cost totalization of flow
deliveries to farms because time clocks will suffice instead of complex recorder systems. Known
constant flows alow more precise management of irrigation systems. Preliminary indications are
that the concept can be made to work. If this proves out, then we should be able to provide
economical flow stabilization from main canals to lateral canals.

FUTURE PLANS: End-Cap Orifice: Prepare report.

Flap Gate: Prepare atechnical note on the findings that the effects are usually negligible.

Flow Profile Conditioning: Start laboratory study phase and refine test facility, and conduct this
study in conjunction with the flow profile study.

Pitot System: The Pitot System reported last year is completed and one report has been published,;
but a report on the complete data collection and interpretation is till in technical review, and we
will continue to follow through to anticipated publication. The control system for constant flow
delivery from main canalsto latera canals through pipes will be studied.

REFERENCE: Replogle, J.A. 1999. Measuring irrigation well discharges. Journal of Irrigation
and Drainage Engineering. 125(4): 223-229.



COOPERATORS:. MaricopaAgricultural Center, Univ. of Arizona (Robert Roth), Wellton Mohawk Irrigation
and Drainage Didtrict (Charles Slocum), Maricopa-Stanfield Irrigation and Drainage District (Brian Betcher), Global
Water (John Dickerman), and Plasti-Fab, Inc. (John Vitas).
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Figure 1. Low-Cost Vave Scheme. Two Valves Requires Per System.

v

Inflow inflates bag f} Outflow deflates bag

£

\4

—>

Water
. filled bag

\/

N Tie down
Bypassed Flow

T
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FLOW MEASUREMENT WITH FLUMES AND WEIRS

J.A. Replogle, Research Hydraulic Engineer; B.T. Wahlin, Civil Engineer;
and A.J. Clemmens, Supervisory Research Hydraulic Engineer

PROBLEMS: Continuing concerns involve needs connected to open channel flow measurement
and control. These include:

Sediment-laden discharges in natural streams are difficult to measure because of sediment
movements and accumul ations.

Parshall flumes have been popular flow measurement devices for open channels since their
introduction in 1926. Traditionaly, problems have arisen in Parshall flumes if they are not
constructed to specifications. For example, a large Parshall flume installed in California has a
field-verified calibration that differs by 10% to 20% from the historical calibrations for that size.
This determined difference may or may not be structural.

One of the most important factorsininstalling a broad-crested weir isvertical placement of the sill.
If thesill istoo low, the flume may exceed itslimit of submergence. If thesill istoo high, upstream
canal banks may be breached. While this has been partly addressed with the Adjust-A-Flume,
simplificationsin its construction and adaptation to economical recorders are still needed.

The FLUMES3 program does not run well with Windows 95. Cooperative effortswith the USBR to
re-code the program for Windows, while nearly complete, have generated some follow-through
ideas.

APPROACH: Thegeneral objectiveis to address these problems economically and practically
with user-friendly technology.

A prototype self-calibrating flume for sediment-laden flows was designed and installed in northern
Cadlifornia(Fig. 1). Theobjectiveisto evaluate theidea of the self-calibrating flume system and to
determine its operational limitations. The design was based on estimated hydraulic behavior of a
chute outlet attached to a" computable” trapezoidal long-throated flume. Two stilling wells, oneon
the main flume and one on the chute, are expected to providefield calibration for the chute after the
main flume no longer can function because of sediment deposits. A laboratory model is part of a
thesis study at the University of Arizonato check the limits of sediment handling, the best slope for
the chute, and whether the calibration of the chute remains stable after the sediment fills the main
flume.

The historical calibrations of a one-fourth scale model of an eight-foot Parshall flume were
previously verified. The objective isto develop methods to modify wrongly constructed Parshall
flumes to recover their function for accurate flow measurement and to identify construction
anomalies that can cause large calibration shifts. The same model will be fitted with a modified
entrance and other changesin an attempt to identify causes of calibration shiftsthat have been noted
in alarger Parshall flume.



Compilation of field experiences by users of the commercialized version of the patented
adjustable-sill, long-throated flume will be used to advise on expansion of the product line and to
evauate field durability and vulnerability to damage from frost and animals. The objectiveisto
evauatefieldinstallationsand to assist in design and material s changesthat may be needed to hasten
technology transfer.

New software being written to make flume calibration and design software compatible with the
computer Windows environment will be user tested, and supplemented with a user manual, either
in paper copy, on-line, or CD versions.

FINDINGS: Asreported last year, the CaliforniaWater Quality Control Board used the flume data
from last year to demonstrate the severity of the cinibar tailings (mercury ore) problem to EPA.
Based on that, emergency super-fund money ($2.5 million) to stabilize the mine tailings was
authorized. Moredatahasbeen collected to verify theinitia findingsand to evaluate progressin the
effectiveness of the clean-up.
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Figure 1. General layout of sediment resistant flume asinstalled.

With the laboratory model study completed, the PhD student study was successfully submitted to
final exam on September 28, 1999. Basically, the sediment (sand) atered the upstream (subcritical)
stilling well aspredicted. Themodel indicated that the detection in the chutewill provide discharge
rates with errors less than 5%. The downstream stilling well in the chute (supercritical) has about
the same response with and without sand, as postulated. Findingsinclude that the midpoint of the
chute isamore reliable point of depth detection than the point shown on figure 1.

A 50-foot Parshall flume, whose calibration differsfrom published calibrations by 10% to 20%, has
been in operation for nearly 20 years. It hasamodified entranceflarethat differsfrom the published
rounded entrance. This modification was suspected of causing the calibration difference.
Laboratory studiesto verify thison amodel of arelated eight-foot Parshall flumefailed to implicate
this type of construction anomalies as acause. Distorted flow entry also was ruled out. Attention
now is centered on the published calibration for this size.

Field observations and reports have been compiled for flumes ranging in maximum capacity from
200 gpm (121/s) to 35 cfs ( 1 m¥/s). Theusersfind the devices easy to install and able to meet their
operating requirements. The standard versions are now commercially available under the name



“Adjust-a-Flume” (Nu-Way Flume and Equipment Company). Widespread acceptance appearsto
be growing, asisinterest to adding recording instrumentation to the product line that is complicated
by the movable reference throat level. Commercial components have been identified that hold the
possibility for developing a“kit” to field adjust to many sizes of flumes.

The WinFlume program has been distributed in trial versionsto many users, and bugs are corrected
when they arefound. Current thoughtsarefor aCD version of ausers manual. Theformat for this
has not been firmly decided.

INTERPRETATIONS: Theability to measureflowsin heavy sediment carryingflowsisimportant
to studies of erosion, runoff, and the effectiveness of best management practices on watersheds.
This system expands the range and flume shapes available for such use.

Parshall flumes may not behave as originally specified if installation differs from the standard, or
if the flow is distorted at the flume entry. Effects of these problems were evaluated and appear to
be of too small a consequence to account for the large errors noted. Therefore, the original
calibration may be in question and more definitive model studies may be needed to resolve the
guestions concerning calibration.

Thefield problemsinvolving the vertical placement of flumes
N and broad-crested weirs are greatly reduced for farm-sized
. earthen channels by the commercialization of a series of semi-
portable, long-throated flumes with adjustable throat sills and
maximum capacities ranging from 200 gpm (12 1/s) to 35 cfs (1
m3/s). Sizes above 6 cfs are not intended to be portable. The
addition of an instrumentation package will extend the use of
the flume systems.

The new flume program will hasten the technology transfer of
8-ft Parshall Elume good flow measuring and monitoring for irrigation
‘ management.

] FUTURE PLANS: Thesediment resistant flumein California

will continueto collect datafrom storm events.. Thelaboratory
model study may be “mothballed” for possible extension
studies by another student, which may include development of
sediment sampling equipment attached beyond the chute. A
second, clear-plastic model isbeing considered so that sediment
. — movements can be observed more readily in future studies.

/

50-ft Parshall Flume

Figure 2. Relative proportions of
8-ft and 50-ft Parshall flumes



Thenew DACL valve will belaboratory and field evaluated for desired control functions. Further
laboratory and field evaluations for function and durability of assembled control systems using the
concepts will be reinitiated.

The findings for the field installation of the 50-foot Parshall flume will be further evaluated to see
if a calibration shift can be produced, even though the 8-foot Parshall flume, which is not ascae
model of the 50-ft version, showed little effects from the usual suspected sources (Fig. 2).

Advice on design changes for adjustable flumes and evaluation of field performance will continue.
“Kits” of a possible recording instrumentation system have been sketched that involve minor
modifications to commercial equipment and should be available for under $500. This will be
continued to seeif it can indeed be demonstrated and evaluated.

Write a new book/users manual for the WinFlume Program.

COOPERATORS: Informal cooperation exists among: US Bureau of Reclamation (Tony Wahl, Cliff Pugh,
Hydraulics Laboratory, Denver); Natural Resources Conservation Service (Harold Bloom); Imperial Irrigation District
(Anisa Divine); Salt River Project (Joe Kissdl, Kirk Kennedy); Wellton Mohawk Irrigation and Drainage District
(Charles Slokum); Maricopa-Stanfield Irrigation and Drainage District (Brian Betcher); Buckeye Irrigation District
(Jackie Mack); Plasti-Fab, Inc.(Randy Stewart); University of Arizona (Don Slack); CaliforniaWater Quality Control
Board (Dyan White); and Nu-way Flume and Equipment Company (Charles Overbay).



WATER REUSE AND GROUNDWATER RECHARGE
H. Bouwer, Research Hydraulic Engineer

PROBLEM: Increasing populations and finite water resources necessitate more water reuse, as do
increasingly stringent trestment requirements for discharge of sewage effluent into surface water. Theam
of this research isto develop technology for optimum water reuse and the role that soil-aquifer trestment
canplay inthe potable and nonpotable use of sewage effluent. Present focusinthe U.S. ison sustainability
of soil-aguifer treetment, particularly the long-term fate of synthetic organic compounds (including
pharmaceuticaly active chemicas and disinfection byproducts) in the underground environment. Thefate
of pathogens and nitrogen a so needsto be better understood. In Third World countries, smple, low-tech
methods must be used, including lagooning, groundwater recharge, and sand filtration to treet the sewage.

Artificid recharge with infiltration basins for goring fresh water underground as part of integrated water
management and conjunctive use of surface water and groundwater, or for underground storage and soil-
aquifer treetment (SAT) of sewage effluent for water reuse, isgill rapidly increasing. The permeable soils
that suchsystemsrequire are not dwaysavailable, so that |ess permeable soilslike theloamy sands, sandy
loams, and even light loams of agricultural and desert areas are increasingly used to obtain recharge and
SAT benefits. Such soils require reliable techniques for infiltration measurements and other pre-
investigations to assess the feasihility of the project, and for management of recharge basins to maintain
maximuminfiltration rates. Climate changeisgoing to be animportant factor in future management of weter
supplies. Becauseit isimpossible to predict it with any accuracy on aloca or regiona scae, managers
increasingly must develop flexible water management schemes so that they can handle excessive as well
asinadequate water supplies. Thisregquires morelong-term (yearsto decades) storage of water or “water
banking,” which isbest achieved viaatificid recharge of groundwater to avoid the evaporation losses that
occur with long-term surface storage behind dams. SAT principles can be extended to river bank filtration
systems where wdls are drilled a some distance from the river so that river water is“pulled” through the
aquifer and receives SAT before it goes to the water treatment plant.

Seepage from ponds, reservoirs, lagoons, wetlands, or other water impoundments often needs to be
controlled usng earth or plagticlinings. Where earth linings are used, the soil materia can be placed onthe
bottom and banks and mechanically compacted when the impoundment isdry, or it can be applied dry or
as adurry to the water itsdlf. The question then is: what gives more seepage control, a compacted soil
layer on the bottom where the soil is thoroughly mixed, or a durry gpplied to the water where the coarser
particles Snk faster than the finer particlesto creste alining layer that is coarser @ the bottom and finer at
the top?

Long-term effects of irrigation with sewage effluent on soil and underlying groundwater must be better
understood so that future problems of soil and groundwater contamination can be avoided. Potentia
problems include accumulation of phosphate and metas in the soil and of sdts, nitrate, toxic refractory
organic compounds, and pathogenic microorganismsin the groundwater. Water reuseisagood practice,



but it should not ruin the groundwater. Long-term sdt build-up in groundwater will occur in groundwater
below any irrigated area (agriculturd or urban), regardiess of the source water, if there is no drainage,
groundwater pumping, or other remova and export of water and st from the underground environment.
Groundwater levelsthen aso will rise, which eventudly requires drainage or groundwater pumping to avoid
waterlogging of surface soilsand formation of sdt flats. In urban areas, such groundweter riseswill damage
buildings, pipelines, landfills, cemeteries, parks, landscaping, etc. The sdty water removed from the
underground environment must be properly managed to avoid problems.

APPROACH: Technology based on previous research at the U. S. Water Conservation Laboratory
(USWCL) and more recent research are gpplied to new and existing groundwater recharge and water
reuse projects here and abroad. Main purposes of the reuse projects range from protecting water quality
and aguatic life in surface water to reuse of sawage effluent for nonpotable (mostly urban and agricultura
irrigation) and potable purposes. Soil columnsin 8 ft x 1 ft sainless stedl pipes have been set up in a
laboratory greenhouse to study movement of pathogens and chemicas (including exotic organics) in
systems involving irrigation with sawage effluent, artificid recharge with sewage effluent, and Colorado
River water. Various scenarios of risng groundwater levels and salt buildups due to irrigation were
consdered and compared with field data to get an idea of rates of rise in groundwater levels and sdt
content of the upper groundwater, and how to handle this water (i.e., disposa in st lakes, sequentia
irrigation of increasingly sdt tolerant crops ending with halophytes to concentrate the sdts in smdler
volumes of water, membrane filtration to remove the sdtsand alow municipd or agriculturd use of the
water, and disposa of the regject brines).

The effect of placement of an earth lining in an impoundment for seepage control was evauated in a
laboratory column study using 4-inch diameter clear plastic tubing. At the bottom of each column wasan
11 cm layer of slicasand. In column 1, the slica sand was covered with a 16 cm layer of Avondae siit

loam at optimum water content to give maximum compaction when packed witharod. The column was
then filled with water and a congtant water level was maintained to give awater depth of about 160 cm.

The other three columns dso were filled with water with the same congtant leved at the top. Column 2
received the same amount (dry weight) of soil as column 1 but was poured in as athick durry at the top
of the column. Column 3 dso received the same amount of soil asathick durry, but was poured in 5 split

goplications at least 24 hours apart so that the water in the column had become completely clear when the
next durry was applied. Column 4 received the same amount of soil in the same way but in 15 split

applications. Seepage rates were then monitored for about 40 days to reach well-defined find vaues.

FINDINGS: Fidd and laboratory tests continued to show the usefulness of recharge and soil-aquifer
trestment in water reuse. Mainissues dill are sustainability of soil-aquifer treetment and fate of recacitrant
organic compounds, including disinfection byproducts, pharmaceuticaly active chemicas, and humic and
fulvic acids and other organic compounds that react with chlorine to create new disinfection byproducts.
Cdculation of the water and chemica baance (including sdts) indicates that the drainage or deep-
percolation water from sawage irrigated fields will be serioudy polluted, especidly in dry dimates.



The durry applied earth liners had a fine, dowly permeable layer at the top of each layer. Thus, the
integranular pressure below the fine top layerswasrdatively high sncethefinelayers” carried” the weight
of the water. This produced considerable compaction of the liner for about 2 weeks as evidenced by
reduced thickness of the layer and reduced infiltration rates until both became congant a the following
values.

Compacted 1durry 5durry 15durry
soil application | applications | applications
Find thicknessincm 16 21 21 19
Find infiltration rate in cm/day 2.7 1.2 1.0 0.85

The seepage rate for the slicasand donewas 9.6 to 11.1 m/day. Thus, the earth lining was very effective
inreducing the seepagerate, especialy when gpplied asadurry. Thebiggest percentageof reduction from
compacted earth to durry gpplied soil was achieved when the total amount of soil was given in one durry
application (56%). Five split durry applications gave further seepage reduction and so did the fifteen split
goplications. However, the additiona seepage reductions (i.e., 17% and 15%) were not as high as the
56% reduction obtained from a compacted lining to a one-gpplication durry-gpplied lining. Thus,
segregation of soil particlesin the earth lining due to durry application gave better seepage control than a
uniformcompacted liner. In practice, durry applications can be repeated until an acceptable seepageleve
isreached.

INTERPRETATION: The developments of better technologies or concepts for predicting infiltration
rates with cylinder infiltrometers, estimating volumes of water that can be stored underground for weter
banking, and managing rdativey finetextured soilsto achieve maximuminfiltration for rechargewill extend
the use of atificid recharge of groundwater to “chalenging” soil and aguifer conditions. Thiswill engble
water resources planners and managers to benefit from the advantages that artificid recharge offersin
conjunctive use of surface water and groundwater, in water reuse, and in integrated water managemen.

FUTURE PLANS: These plans consas primarily of continuing existing research and of developing new
fidd and laboratory research projects, mostly with universities and water didtricts, on long-term effects of
irrigationwith sewage effluent on soil and groundwater. Also, infiltration test plotswill beingtaled to verify
concepts of recharge basin management developed for finer textured soils where clogging, crudting, fine
particle movement or wash-out wash-in, hard setting, and erosion and deposition can serioudy reduce
infiltration rates.

COOPERATORS: Dr. P. Fox, Dr. P. Westerhoff, Dr. J. Drewes, Arizona State University, Tempe AZ; Dr. R. Arnold,
Dr. M. Conklin, University of Arizona, Tucson AZ; Dr. David Sedlack, University of California, Berkeley CA; J. Swanson,
The City of Surprise; and Fort Huachuca, Arizona, United States Army Garrison through ASU, and M. Milczarec of
GeoSystemsInc., Tucson AZ.



IRRIGATION CANAL AUTOMATION

A.J. Clemmens, Research Hydraulic Engineer; R.J. Strand, Engineering Technician;
B.T. Wahlin, Civil Engineer; Baran Schmidt, Computer Programmer;
and E. Bautista, Agricultural Engineer

PROBLEM: Modern, high-efficiency irrigation systemsrequire aflexible and stable water supply.
Typically, open-channel water delivery distribution networks are controlled manually and are not
capable of providing thishigh level of service. Stable flows can be achieved when little flexibility
is allowed since canal operators can force canals flows to be relatively steady. Allowing more
flexibility increases the amount of unsteady flow and leads to more flow fluctuations to users.

Most canal systems operate with manual upstream control. With this approach, all flow errors end
up a thetail end of the system and result in water shortages or spills. In some canals, supervisory
control systems are used to try to match inflows with the expected outflows. Because this
adjustment is done by trial-and-error, pool volumes and water levels can oscillate until abalanceis
achieved. In canas with large storage volumes, these fluctuations may have little impact on
deliveries. Smaller canalswith insufficient storage need more precise downstream control methods
than are currently available. Development of improved canal control methods requires convenient
simulation of unsteady flow by computer. Many computer model s of unsteady canal flow have been
builtinthelast twenty years, somevery complex and expensive, designed to model very complicated
systems. Only recently have these programs alowed simulation of control agorithms for canal
automation.

The objective of thisresearch isto devel op technology for the automatic control of canalsasameans
of improving canal operations. Thisincludes development and testing of canal control algorithms,
development of necessary sensors and hardware, development of centralized and local control
protocols, refinement of simulation models needed for testing these methods, and field testing of
algorithms, hardware, and control protocol.

APPROACH: A Cooperative Research and Devel opment Agreement between ARS and Automata,
Inc., was established for the purpose of developing off-the-shelf hardware and software for canal
automation; i.e., plug-and-play. Wewill work closely with Automatain the application and testing
of this new hardware and software. The core of this system is the U.S. Water Conservation
Laboratory (USWCL) cana automation system that consists of

. feedforward routing of scheduled flow changes (similar to gate stroking),
. feedback control of downstream water levels (to balance canal inflow and outflow), and
. flow control at check structures.

The system is controlled from a personal computer at the irrigation district office. A Supervisory
Control and DataAcquisition system (SCADA) isused by operatorsto monitor theirrigation system
and to control gatesremotely through radio communications. We plan to useacommercial SCADA
package, FIX Dynamicsfrom Intellution, Inc. Standard MODBUS communi cation protocol will be
used to communicate between FIX Dynamics and Automata's Base Station. Eventually all
communications in the system will use MODBUS. The USWCL canal control scheme logic
(USCWL controller) will be interfaced with FIX Dynamics. The research approach will be to use
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simulation models to test and further develop various control schemes that can be used within the
proposed automation system. The hardware and software components will be assembled and made
compatible in the field. Finally, the combined hardware and software automation system will be
testedinthefield onthe WM lateral canal of the MaricopaStanfield Irrigation and Drainage District.

Simulation of unsteady flow in canals is needed to understand canal pool properties. We routinely
use the unsteady-flow simulation package Cana CAD to study canal propertiesand to test controller
performance. The canal properties taken from CanalCAD tests are used within a mathematical
analysis software package, MATLAB, to design various controllers. We have been using a
centralized proportional-integral controller that include Smith predictorsto account for delays (P1+S
). Thisformat allows selection from a series of controllers, including a series of simple local Pl
controllers. Selection of controllers for testing on the WM canal are based on simulation tests of
controller performance onthe American Socity of Civil Engineers (A SCE) test casesand simulation
of the WM candl itself.

FINDINGS: Poor canal control performance is caused by a mismatch between pool inflows and
outflowsand/or incorrect pool volumes. Thus, canal controller methods must address control of both
flow rates and pool volumes. An understanding of (1) wave travel times and (2) pool volume as a
function of flow rate are necessary and sufficient for the development of feedforward control logic,
while for feedback control (1) wave travel times and (2) pool backwater surface area can be used.

Simulation studies of downstream-water-level feedback controllers: A comprehensive set of
simulationtestswas madefor ASCE test canal 1. First, for aseriesof local Proportional Integral (PI)
controllers of pool downstream water level, there was little difference between control of gate
position or control of flow rate at each check structure. However, use of flow rate control separates
control of poolsfrom control of structures. Second, better control was obtained when control actions
from one pool were passed upstream to other check structures, invoking the so-called decoupler 1.
Ingeneral, thecompletely centralized Pl controller provided the best performance. The performance
of the Smith predictor was mixed. If timing was bad, accounting for delays with the Smith predictor
hurt controller performance; while if timing was good, performance improved. A reasonable
compromise between controller performance and complexity is to pass a portion of the Pl control
actions one pool upstream and one downstream. Finally, the integrator-delay model of Schuurmans
for defining canal pool properties appears to work very well for controller design.

Devel opment of accurate gate position controller: Thecanal automation systemwasinstalled onthe
WM canal at the Maricopa-Stanfield Irrigation and Drainage District (MSIDD) using Automata
hardware, including Remote Terminal Units (RTUS), gate position sensors, and base station. The
RTUs were programmed to move the gate according to the number of pulses requested by the
controller and the number of pulses sent from the gate position sensor. This system is functioning
very well. Run-on, or gate movement after the motor is turned off, isusually zero and occasionally
one pulse. Each pulserepresents roughly 0.95 mm, thus we are able to position these gatesto within
1 mm. Automata programmed their base station to translate from the MODBUS protocol of the
SCADA system to Automata' s protocol which is communicated with the RTUs by radio. This
communication is functioning, but needs some improvement.

SCADA implementation: The WM canal was set up within the FIX Dynamics SCADA System.
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Digital photographs of the canal and the check structures were used as background screens for the
SCADA control functions (See Figures 1 and 2). The system was set up to monitor continuously the
headgate, al check structures, water levels above two flumes, and water levels at the downstream
end of all canal pools. Within FIX, digital signals are sent to the RTU indicating how many pulses
to move a gate, and in what direction.

TheUSWCL canal automation system control programwasinterfaced tothe FIX DynamicsSCADA
package. The USWCL control program is a separate program running in parallel with FIX in a
Windows NT environment. Information on the state of the system are read from the FIX database
by the control program through an ActiveX interface. Control actions determined by the control
program are passed to FIX, aso through ActiveX. Additional ActiveX elements are used to allow
the operator to enter manua changes from FIX screens (for example to move the gate a certain
distance rather than pulse (Fig. 2), or to adjust manually water level and check flow setpoints). A
first level of error checking was added to the control program so that the controller would not
overreact if sensors or communications failed. These were essential during early testing.

Field testing: The control system was made operational and run several times during October 1999.
These testswere al run with only thefirst 5 pools since there were no deliveries downstream. The
system functioned as intended. An example of one test run is shown in figure 3. For this test, a
simplePl controller wasused. Thetest consisted of starting with theinitial water level asthe setpoint
and gradually raising the setpoint to the desired level. The controller and control program were
functioning properly, but had not yet stabilized by the end of the test. Numerous communications
and other small problems will require additional RTU, base-station, and control programming to
clean up.

INTERPRETATION: The feasibility of a plug-and-play type canal automation system looks
promising. Ensuring proper functioning of the system for a given canal will still require some
engineering anaysis to determine hydraulic properties and controller constants so that the
automation performs adequately.

FUTURE PLANS: Communication has been the biggest problem. Assuring that the controller will
perform appropriately requires that the control program have some control over the obtaining of
information from the RTUs. MODBUS alowstthis, but it is not programmed into the base-station
trandlator. A better solution appearsto be programming MODBUS Iinto the RTU software. Thiswill
allow the base-station to control the collection of information rather than relying on FIX’ s periodic
querying. The current RTU programming has unneccessary code that is left over from other
Automata applications. We plan to eliminate as much of this unnecessary code as possible and to
remove the automatic periodic reporting. Additional features need to be added to the RTU and
control programs. Work will continue on the devel opment of feedback and disturbance controllers
that perform better under unusual circumstances. Finally, a number of controllerswill be tested on
the WM canal in real time, which also will serveto test the control and RTU programs.

COOPERATORS: Lenny Feuer, Automata, Inc., Nevada City CA; Gary Sloan, MSIDD, Stanfield AZ; Jan
Schuurmans, University of Twente, The Netherlands; Dave Rogers, USBR, Denver; Charles Burt, Cal Poly, San Luis
Obispo CA; Bob Gooch, Salt River Project, Phoenix AZ; Victor Ruiz, IMTA, Cuernavaca, Mexico; Pierre-Olivier
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Malaterre, CEMAGREF, Montpellier, France.

1998 USWCL Annual Research Report work in progress

*k*k kkkk*%

Do not duplicate without prior consent.
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Fig.1. FIX SCADA screen showing WM Fig. 2. FIX SCADA screen of WM-2 check structure,
canal layout. including graphs of water level and gate position and activeX

element for changing gate position.
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Fig. 3 FIX SCADA screen showing results of test on Oct. 19, 1999. Red lines are water level setpoints and green lines
are overflow welirs.
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CANAL AUTOMATION PILOT PROJECT FOR SALT RIVER PROJECT’S
ARIZONA CANAL

E. Bautista, Research Hydraulic Engineer; A.J. Clemmens, Supervisory Research Hydraulic
Engineer; R.J. Strand, Engineering Technician; and B.T. Wahlin, Civil Engineer

PROBLEM: The Salt River Project (SRP) isthe largest municipal and agricultural water supplier
in the Phoenix valley. Thedistrict also hasalong history of being progressive in the management
of its water distribution system. 1n 1995, SRP initiated an in-house research and development
project, in cooperation with the U.S. Water Conservation Laboratory (USWCL), to determine the
feasibility of implementing canal automation within its distribution network. Canal automationis
expected to improve service, reduce operating costs, and improve SRP' s stewardship of resources.
The objective of thisproject isto develop an automated canal control system that iscompatible with
SRP's current canal operational strategies and systems.

APPROACH: The proposed canal control scheme has three main components. (1) downstream
water-level feedback control to handledisturbancesor errorsinflow rate, (2) open-loop feedforward
routing of scheduled or measured offtake flow changes, and (3) check structure flow-rate control.
Phase | of this pilot project consisted of the development of an automatic control system and
simulation studiesto test its ability to control water levels on an SRP canal system reach. The upper
portion of the Arizona Canal was chosen as the study site. This section includes 5 pools, separated
by check structures, and a magjor branch point at the heading of the Grand Canal. Findings of this
initial phase were reported in Clemmens et a (1997).

Inview of the promising results, SRP decided to continue with the next phase. In Phase Il of the pilot
project, which is currently underway, we are investigating various control system issues identified
during Phase | and programming the canal automation system into SRP’ s computing environment.
Specific items that have been under investigation during Phase Il are the following:

(1) A computer program has been under development to carry out automatically the the feedforward
control calculations.

(2) Analysisof the feedforward control problem was expanded to include the entire Arizona and
Grand Canals. The HEC-RAS steady-state hydraulic simulation program was used to determinethe
hydraulic properties of these canals needed for control system design.

(3) The Arizona Canal system is supplied by a diversion structure with limited storage capacity,
Granite Reef. Because of this supply limitation, a feedback control system for the Arizona Canal
may require extending the initia control point to an upstream dam. A study was carried out to
develop ahydraulic model of the river system that supplies water to Granite Reef. Thisincludesa
river reach between Stewart Mountain and Granite Reef on the Salt River and a reach between
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Bartlett Dam and Granite Reef on the Verde River. The model was developed by Rogier Visser, of
Delft University of Technology, The Netherlands, in cooperation with the USWCL. Datafor the
study were provided by SRP, U.S. Geological Survey, and the Maricopa County Flood Control
District. Additional field data also were collected by Rogier Visser.

(4) The proposed canal system uses flow as a control variable, which requires measuring gate
discharges. Inpractice, discharge measurementsusing gate structures can beinaccurate. Whiletests
developed during theinitial phase have shown that the control system can stabilize water levelseven
when discharges are inaccurately predicted, the response of the system improves substantially with
better flow predictions. Because flow prediction through SRP's radial gates is very uncertain,
particularly under submerged flow conditions, a laboratory study was initiated to develop a more
accurate head-discharge relationship for radial gates. The study was conducted by Jan Tel of Delft
University of Technology, the USWCL, and SRP.

(5) Automated control simulations have been conducted by assuming initial steady-state flow
conditions. Steady-state is difficult to achieve in real canal systems. A start-up strategy has been
developed that assumes initial unsteady flow and has been tested with simulation.

(6) Currently, the water-masters serve as the interface between the water orders and the main canal
check structures. Daily water orders aretransmitted by field operators and consolidated inaUNIX-
based client-server database. Daily operational schedules are developed manually based on these
demands and on the available supplies. Through a VAX-based supervisory control and data
acquisition (SCADA) system, watermasters keep track of water levels and gate positions and make
necessary adjustments. Work wasbeguntointegratethe proposed control systemwith SRP’ scurrent
operations and computer environments.

FINDINGS:

(1) A cana scheduling program is being devel oped

in the Windows environment (Bautista and
Clemmens, 1999). The program has standard 820
graphical user interface features and is able to 800
communicate with a local database for data input 780
and output. The program will be modified during 760
implementation to be able to interact with SRP's 240
database systems. A beta version of the program 790
has been provided to SRP to test the scheduling
proceduresunder different flow conditions, to debug 7028_00 0:00 6:00 12:00 18:00 0:00
the software, and to identify needed graphical ' ' 'Time' ' '
interface improvements.

Discharge (cfs)

Figure 1. Computed feedforward schedule
at the head of the Arizona Canal.
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(2) Sincethe Arizona-Grand Canal system consists of 30 pools and 44 offtakes, and more than one
daily change can be requested at an offtake, the computed schedule requires many changesall along
the canal. Because it is unlikely that canal operators will make these many changes during the
manual testing, the scheduling program was modified to allow the user to impose constraints on the
frequency with which changes are made or the resolution of those changes. Figure 1 is an example
of the discharge schedule computed at the head of the Arizona-Grand Canal system, based on actual
demand data. The schedul e assumes that changes cannot be made more frequently than every 5 min
and that the magnitude of each changeis greater than 1 cfs. Programming work is still pending to
enable the unsteady simulation software being used in this project, Mikell, to perform automatic
control smulationsfor the entire Arizona-Grand Canal system. Simulation testswill be conducted
with the computed schedules when the Mike 11 programming work is compl eted.

(3) Only alimited amount of cross-sectional and elevation datafor the Salt and VVerde River reaches
of interest are currently available. Because the hydraulic model was developed by extrapolating

400
399.98
~399.96 +
)
% 399.94 +
5399.92 +
o 399.9
>
2 399.88 |
Q
£ 399.86 +
2 390.84 +
399.82 +
399.8 } } } }
28-jul-97 29-jul-97 30-jul-97 date  31-jul-97 1-aug-97 2-aug-97

Figure 2. Measured surface water surface elevation at Granite Reef Dam for
July 28- August 1, 1997, and values simulated with the Salt-Verde River
system model.

existing data and average information obtained from topographical and digital elevation maps, the
resulting model oversimplifies the river’s topographical features. Still, smulation results are
promising in that predicted water levels at the downstream boundary of the system, Granite Reef
Dam, compare relatively well with observed water levels (Fig. 2). Sensitivity analyses have shown
that amajor source of uncertainty in themodel iswater lossesin theriver bed, which are particularly
difficult to predict over short time periods. These losses are relatively large on the Verde River.
The model was less sensitive to potential errors in cross-sections and hydraulic roughness. The
unsteady flow model used in this study, SOBEK, can simulate unsteady supercritical flow.
Simulationswere conducted to test the effect of incorporating inthemodel reacheswith supercritical
flow. Supercritical flow conditionsoccur at variouslocations along the Salt River reach. Predicted
water levels at the downstream boundary of the system were not very different with and without
those supercritical flow sections. Detailed results are reported in Visser (1998).
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(4) A scaled model of an SRP radial gate ~ ,, o e :

was installed on a laboratory canal aong e
with pertinent instrumentation. Water ~ " ool 2
depths, pressure distribution, and flow jet § : Pool 3
contraction were measured as afunction of 2 Pool 4
gate opening and flow rate. These & —Pool 5
measurements are being used to determine § —Pool 6
the adequacy of the head-discharge :Egg:;
eguations currently used by SRP and to test

aternative head-discharge relationships.

SRP uses a relationship that has been

documented in the literature (Bos, 1989), Time (hrs)

but that was modified to reflect a gradual Figure 3. Simulated water levelsin ASCE
transition from free flow to submerged flow Test Canal 1.

conditions. Data from this study are still

being analyzed.

(5) Simulation testshave shown that attempting to start the automation system when the actual water
levels are far from the setpoints can result in unstable behavior. To overcome this problem, when
the control system is turned on, the water level setpoints are initialized to the actua water levels.
Water levels are then gradually adjusted to the desired target by varying the setpoint linearly intime
and by using a combination of feedforward and feedback control to make the necessary flow
changes. The strategy was programmed into the unsteady flow model, Canal CAD, and tested with
the ASCE Task Committee' sTest Case 1 (Clemmenset a, 1998). Theresultsof figure 3 show the
change in water levelsin an eight-pool canal system in which water levelsin al pools are required
to change simultaneously at 2:00. In combination, the feedforward and feedback control systems
are able to maintain a stable control during the transition. Programming of this strategy into the
unsteady flow simulation software being used in this project, Mike 11, is still pending.

(6) During most of 1999, SRP has been installing and testing a new SCADA system for Y 2K
compliance. This work prevented us from making any significant progress in that area. Latein
1999, SRP decided to replaceits VAX operating system, which currently hoststhe SCADA system.
Therefore, programming of the control system will be postponed until the new operating system and
a SCADA package that works under that environment are installed.

INTERPRETATION: Based on the analysis to date, it appears that cana automation (remote
computer control) has somereal potential for improving canal operations over supervisory (manual
remote) control. The magnitude of unscheduled flow changesthat can be alowed isstill limited by
the canal’ s hydraulic properties. Automation itself cannot fully overcome these limitations.

FUTURE PLANS: Work will continue to complete the various tasks that were included in the
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Phase Il workplan and areport will be prepared by early next year. During Phase l11, if funded, the
systemwill betested in real time. Although the pilot project’ s objective testing the feasibility of the
control system and not full implementation, to test its potential fully some level of implementation
isrequired.

COOPERATORS: Robert Brouwer, Rogier Visser,and Jan Tel, Delft U. of Technology, The Netherlands; Jan
Schuurmans, Loughborough University, England; Robert Gooch, Joe Rauch and Grant Kavlie, Salt River Project.
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PLANT GROWTH AND WATER USE ASAFFECTED BY ELEVATED CO,
AND OTHER ENVIRONMENTAL VARIABLES

MI1SSION

To predict the effects of evated CO, and climate change on the photosynthesis, growth, yield, and water
use of crops under optimd and limiting levels of water and fertility.



THE FREE-AIR CO, ENRICHMENT (FACE) PROJECT:
PROGRESS AND PLANS

B.A. Kimbal, Soil Scientist; P.J. Pinter, J., Research Biologist; G.W. Wall, Plant Physiologist;
R.L. LaMorte, Civil Engineer; N.R. Adam, Plant Physiologist; M.M Conley,
Physica Science Technician; and T.J. Brooks, Research Technician

PROBLEM: The CO, concentration of the atmosphere is increasing and expected to double sometime
during the next century. Climate modelers have predicted that the increase in CO, will cause the Earth to
warm and precipitation patterns to be altered. This project seeks to determine the effects of such an
increase in CO, and any concomitant climate change on the future productivity, physiology, and water use
of crops.

APPROACH: Numerous CO, enrichment studies in greenhouses and growth chambers have suggested
that growth of most plants should increase about 30% on the average with a projected doubling of the
atmospheric CO, concentration. However, the gpplicability of such work to the growth of plantsoutdoors
under less ided conditions has been seriousy questioned. The only approach that can produce an
environment today as representative as possible of future fields is the free-air CO, enrichment (FACE)
approach. Therefore, the FACE Project was initiated, and experiments were conducted on cotton from
1989-1991(Hendrey, 1993; Dugasand Pinter, 1994). Then, from December 1993 through May 1994 two
FA CE experiments were conducted on wheet a ample and limiting levels of water supply, with about 50
scientists from 25 different research organizations in eight countries participating. About 42 papers have
been published (eg., Kimbal et d., 1995, 1999; Pinter et d., 1996) or are in press from these
experiments, and more are being prepared.

However, one of the grestest uncertainties in determining the impact of globa change on agricultura
productivity, aswell ason natural ecosystems, isthe response of plantsto elevated CO, whenlevelsof sail
nitrogen are low. Therefore, we conducted two additiona FACE wheat experimentsat ampleand limiting
supplies of soil nitrogenfrom December 1995 - May 1996 and December 1996 - May 1997. Funded by
the Department of Energy through a grant to the University of Arizona, U.S. Water Conservetion
Laboratory (USWCL) personne were mgor collaborators on the project and provided management
support. In addition, soil cores and leaf samples were obtained and were stored frozen for later analyses
of root biomass and soil nitrogen, photosynthetic proteins, and carbohydrates. Thanksto agrant from a
NSF/DOE/NASA/USDA program (TECO I1) plusARS Temporary Globa Change Funds, personndl to
do these analyses were hired, and many anayses were conducted during this past year. Much data from
many kinds of measurements made during these latter experiments have been analyzed during the past year,
manuscripts are being prepared, and papers are Sarting to appear in print (e.g., Kimbdl et d., 1999).

Much of the CO, enrichment research that has been conducted in the past has been with C3 plants and
relatively little with C4 crops such as corn, sugarcane, or sorghum. The neglect of C4s was because their
photosynthetic processwas known to respond relatively lessto elevated CO,. However, their somatado
patidly closein elevated CO,, thereby suggesting the possibility of some water conservation. Therefore,
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with  grants (one to the USWCL and one to the Universty of Arizona) from the
NASA/NSF/DOE/USDA/EPA (TECO I11) Program, we conducted an initid FACE experiment on
sorghum from mid-July through mid-December 1998. Then we conducted a second replicate experiment
from mid-June through October 1999. Our hypothesis was that there will be only a small enhancement of
growth due to the FACE treatment when the plants have ample water; but, under water-stressed
conditions, therewill beasubstantia growth enhancement resulting from the water conservation dueto the
partid somata closure.

Similar to the previous experiments, measurements included legf area, plant height, aboveground biomass
plus roots that remained when the plants were pulled, morphologica development, canopy temperature,
reflectance, chlorophyll, light use efficiency, energy baance, evapotranspiration, soil and plant dementd
anadyses, soil water content, photosynthesis, ssomatal conductance, grain quality, video observations of
roots from minirhizotron tubes, soil CO, and N,O fluxes, and changesin soil C storage from soil and plant
C isotopes. Some soil coresfor roots also have been obtained. Asbefore, al of the datawill be assembled
in astandard format for vaidation of plant growth models.

FINDINGS: Andyses of the data from the FACE whegt experiments are nearing completion. Briefly,
the results indicate that under the high nitrogen trestment, wheet grain yiel dswereincreased about 15% by
FACE at 200 Fmol/moal above ambient. At low nitrogen, yields increased about 12%. The low nitrogen
treatment reduced yields about 20% at both levels of CO..

Despite some problems, the 1998 and 1999 FACE sorghum experiments were successfully conducted.
A problem encountered bothyearsisthat rdatively largeirrigations were required to get good distribution
uniformity because the Trix clay loamsoil inthefield cracks severely when it dries. Therefore, besidesthe
initid irrigation at planting time, only one additiond irrigationwas applied to the Dry plots. Bird and insect
damage were minimal both years. In 1998, there was some frost damage before the final harvest, and on
September 19, 1999, there was a hall storm that shattered the upper leaves, but the heads appeared to
survive dl right.

Preiminary results from 1998 showed that the effects of elevated CO, were minima on the biomass and
grain yidd in the plots with ample water. However, under water-stress conditions there were significant
gimulations of growth (+13%) and yield (+17%), consistent with the CO,-induced partid ssomata closure
and resultant water conservation.

INTERPRETATION: Thedatafrom the FACE whesat experiments suggest that with ample water, wheet
productionislikely to increase 10-15% by an increase in atmospheric CO, levds to 200 pumol/mol above
current levels (about 370 pmol/mal). Moreover, in contrast to many chamber studies, our results suggest
that the yield increases will occur even a low leves of soil nitrogen characterigtic of the agriculture in
developing countries and most natural ecosystems.  Irrigetion requirements may be unchanged or dightly
reduced for future wheet production, provided climate changes are minimd.
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The preiminary FACE sorghum data suggest that there will be little effect of higher atmospheric CO,
concentrations on future sorghum productivity when there is ample water. Under water-stress conditions,
whicharetypica of much of therain-fed areaswhere sorghumisgrown inthe U.S. and in Africaand other
developing countries, the future higher levels of CO, are likely to increase productivity by 15% or so.

FUTURE PLANS: Anadyses and reporting of the results from the FACE whesat and especidly from the
sorghum experiments will continue. Thisis the last partial year of funding from the TECO 111 program, so
the FACE project will have to terminate unless additiona funding can be obtained. If an appropriate
request for proposasismade by afunding agency, aproposa will be prepared. Neither the choice of crop
nor the experiment design have been decided.

COOPERATORS:

Arizona State University, Tempe AZ -- A. Webber, A. Cousins, D. Clark, G. Wechsung

Brookhaven National Laboratory, Upton NY -- G. Hendrey, K. Lewin, J. Nagy

Carnegie I nstitution of Washington, Stanford CA -- M. Rillig

CSIRO Wildlife and Ecology, Lyneham, ACT, Australia-- M. Howden

Grassland Protection Research, USDA-ARS, Temple TX -- H. Johnson, H.A. Torbert

Kansas State University, Manhattan KS -- R. Vanderlip

NASA-Goddard Institute for Space Studies, New York NY -- F. Tubiello, C. Rosensweig

National Institute of Agro-Environmental Sciences, Tsukuba, Japan -- Y. Harazono, K. Kobayashi

National Soil Dynamics Laboratory, USDA-ARS, Auburn AL -- S. Prior, H. Rogers

New Zeaand Inst. for Crop & Food Res. Ltd., Christchurch, New Zealand -- P. Jamieson

Northern Arizona University, Flagstaff AZ -- G. Koch

Oak Ridge National Laboratory, Oak Ridge TN -- J. Amthor

Potsdam Inst. for Climate Impact Research, Potsdam, Germany -- F. Wechsung, T. Kartschall, S. Grossmann, M. Bauer,
J. Grafe, K. Waloszcyk

UniversitadellaTuscia, Viterbo, Italy -- M. Badiani, A.R. Paolacci

Universitat Autdonoma, Barcelona, Spain -- M. Estiarte, J. Pefiuelas

University of Alberta, Edmonton, Alberta, Canada-- R. Grant

University of Arizona, Tucson and MaricopaAZ -- S. Leavitt, M. Ottman, T. Thompson, A. Matthias, D. Williams, M.
O'Dea, T. Brooks, J. Triggs, L. Cheng, J. Welzmiller, R. Roth, D. Langston

University of Colorado, Boulder CO -- E. Pendall

University of Essex, Colchester, UK -- A. Ball, S. Long, F. Porteous

University of Guelph, Guelph, Ontario, Canada-- A. Hunt

University of lllinois, Chicago IL -- H. BassiriRad, J. Constable

University of Idaho, Moscow ID -- L. Aiguo

University of Florida, USDA-ARS, Gainesville FL -- T. Sinclair

University of Wisconsin-Madison, Madison WI -- J. Schleucher

U.S. Water Conservation Laboratory, USDA-ARS, Phoenix AZ -- B. Kimball, P. Pinter, Jr., G. Wall, R. LaMorte, D.
Hunsaker, F. Nakayama, F. Adamsen, E. Barnes, N. Adam, M. Conley

Vrie Universiteit of Amsterdam, Amsterdam, Netherlands -- A. Frumau, H. Vugts

Western Wheat Quality Laboratory, USDA-ARS, Pullman WA -- C. Morris

REFERENCES:
Dugas, W.A., and Pinter, P.J. Jr. (eds.). 1994. The free-air carbon dioxide enrichment (FACE) cotton

project: A new field approach to assess the biological consequences of global change. Agric. For.
Meteorol. 70:1-342.
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WATER RELATIONS OF GRAIN SORGHUM GROWN IN FREE-AIR CO,
ENRICHMENT (FACE) WITH VARIABLE SOIL MOISTURE REGIMES

G.W. Wall and N.R. Adam, Plant Physiologists; B.A. Kimball, Supervisory Soil Scientist;
P.J. Pinter, Jr., Research Biologist; L. Olivieri and M. Conley, Biological Technicians; and
T.J. Brooks and J. Triggs, Research Technicians

PROBLEM: Based on reports by the IPCC (Intergovernmental Panel on Climate Change, 1996)
atmospheric CO, isrising. Because elevated CO, is known to reduce stomatal conductance (g,) in
plants, it may decrease the transpiration rate and the increase net assimilation rate (Garcia et al.
1998; Wall et al.,1999a). An increase in the pool of total non-structural carbon supply may result
in an increase in the translocation of carbon below ground for the development of a more robust root
system. As observed in wheat, a more robust root system for absorbing water and a greater resistance
to water loss by stomata might enable a sorghum plant grown under elevated CO, and limited water
supply to avoid drought by conserving water (Wall et al.,1999b) and increasing drought tolerance
by an enhancement in its osmoregulatory mechanism (Wall et al.,1999c). Consequently, a sorghum
plant grown under elevated CO, and limited water supply is likely to have less negative leaf water
potential (W;). Based on these observations, a need exists to determine how the interactive effect
of elevated CO, and water stress will effect W for sorghum grown in an open field. Hence, a
reasonable hypothesis to test is that any enhancement in water relations through a combination of
areduction in g, improvement in osmoregulation, and an increase in water uptake capacity of roots
due to elevated CO, will result in less negative ¥, for sorghum leaves throughout the ontogeny of
the crop.

APPROACH: In this study we characterized and qualified values of g, and ¥, for field-grown
sorghum grown in air enriched with CO, and in ambient air under water-stressed and well-watered
soil moisture regimes. During the 1998 and 1999 growing seasons, two experiments were conducted
to investigate the interactive effects of elevated CO, and limited soil moisture on a sorghum
(Sorghumbicolor L. Moench cv. Dekalb Hybrid DK 54) crop grown in an open field at The University
of Arizona's Maricopa Agricultural Center, located 50 km south of Phoenix, Arizona (33.1 N, 112.0
°W). Seeds were sown into flat beds in north-south rows ~ 0.76 m apart on July 15-16 ,1998 and
June 14-15,1999; seeding rates were 10.9 kg ha (~40 mm apart for 33 seeds m?;plant density of
22 plants m™) during 1998 and 10.0 kg ha™ (~41 mm apart for 32 seeds m™; plant density of 21 plants
m™) during 1999. Regardless of year, a final plant population of about 90,000 plants ha” was
obtained. Fertilizer amounts were applied so that nutrients were non-limiting. Plants were exposed
to an elevated CO, treatment of ~200 umol mol™” above ambient (ca. 370 pmol mol™) for 24 hrs
using the FACE approach (Hendrey, 1993). The main CO, plots were split. Flood irrigation created
a water (H,O) treatment with each half of the circular plots receiving either ample irrigation regime
(Wet, well-watered) or a water-stress treatment with only two irrigation events. The CO, and H,O
levels gave four treatment combinations of Control-Dry (CD), Control-Wet (CW), FACE-Dry (FD),
and FACE-Wet (FW) replicated four times. A portable closed-exchange (transient) system with a
250 cm’® transparent assimilation chamber was used to make in-situ measurements of g _at mid-
morning (MM; 2.5 h prior to solar noon), midday (MD; solar noon), and mid-afternoon (MA; 2.5
h after solar noon). During similar time periods, values of ¥, were obtained from excised
uppermost fully-expanded sunlit leaves using a pressure chamber.



FINDINGS: Atthe stem-elongation growth
stage on day of year (DOY) 252, g, was
independent of time of day (Fig. 1). A
significant CO,xH,0O interaction occurred
because g, was lower due to CO, under
Wet, but there was no effect of CO, on this
particular day under Dry. As evidenced in
the Wet treatment, CO, reduced g, but the
water conserving effect of the CO,-based
reduction in g, in the Dry plots may have
delayed reductions in g, due to water-stress.
Consequently, g, was actually slightly
higher under elevated CO, for the Dry plots
for a few days (data not shown).
Nevertheless, in agreement with other
FACE trials on wheat (Wall etal., 1999a,b),
FACE consistently reduced g, in sorghum.

The CO,-based reductions in g, for both
Wet and Dry treatments caused less
negative ¥'; throughout the ontogeny of the
crop (Fig. 2). But, on a relative basis, the
water-conserving effect of elevated CO,
was more pronounced in Dry compared
with Wet, and in dehydration cycle II
compared with I (significant CO,xH,O
interaction effects for ¥, during
dehydration cycle II). Apparently, plants
had become preconditioned to drought
during dehydration cycle I, and CO,
affected this effect in a positive manner
because in dehydration cycle II the water
conserving effect of elevated CO, was more
significant. A reduction in the internal
water deficits in sorghum leaves grown
under elevated CO, is best explained by the
direct effect of CO, in reducing g, (Fig. 1),
which conserved water throughout the
ontogeny of the crop.

INTERPRETATION: In a future high
CO, world, the pore size of stomata for a
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Figure. 1. Leaf stomatal conductance (g,) of uppermost sunlit
sorghum leaves at the stem-elongation growth stage during
1998. The CO, treatments were Control [ambient 370 pmol
(CO,) mol' ] and FACE [ambient +200 umol (CO,) mol™ for
24 hs. d'], and the H,O treatments were either ample or only
two irrigation events for well-watered (Wet) and water stress
(Dry) treatments, respectively. The combination of CO, and
H,O treatments resulted in Control-Dry (CD), FACE-Dry
(FD), Control-Wet (CW), and FACE-Wet (FW) treatments.
Measurements were taken at mid-morning (MM, 2.5 h prior
to solar noon), midday (MD, solar noon), and mid-afternoon
(MA, 2.5 h after solar noon). Vertical bars around each
datum represent one standard error of the replication means.

sorghum leaf will decrease which will decrease g, and increase the resistance of water vapor flux
from the sub-stomatal cavity to the atmosphere (Fig. 1). For comparable atmospheric and soil
moisture conditions, the transpiration rate per unit leaf area of a sorghum leaf grown under elevated



CO,, will be lower than that for a leaf
growing at present-day ambient CO,
(~370 umol mol™) levels. Consequently,
a leaf growing under elevated CO, should
have the capacity to maintain higher
internal water content throughout the day
than a leaf growing at present-day ambient
CO, levels. A higher internal water
content will result in less negative values
of ¥; at MM, MD, and MA (MD given
in Fig. 2) throughout the ontogeny of the
crop. The water conserving effect of
elevated CO, will delay the onset of
drought symptoms, thereby enabling
stomata to remain open for longer into the
day-lit period, even as the drought
condition becomes more severe. In the
absence of any adverse effects of a
concomitant rise in global temperature
resulting from the rise in atmospheric
CO,, improved water relations for a
herbaceous, warm-season, perennial, C4
grain crop, i.e, sorghum, are anticipated in
the future as the CO, concentration of the
atmosphere continues to rise.

FUTURE PLANS: Our intention is to
focus on data summary, analysis,
interpretation, and documentation of
results from previous FACE experiments
on wheat and sorghum. We also will
actively plan our next FACE experiment
and attempt to obtain the necessary
funding.

COOPERATORS:  The research was
supported by Interagency Agreement No. DE-
AI03-97ER62461 between the Department of
Energy, Office of Biological and Environmental
Research, Environmental Sciences Division, and
the USDA, Agricultural Research Service (Bruce
A. Kimball, PI); by Grant No. 97-35109-5065
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Figure 2. Midday total leaf water potential (¥;) during 2 soil
dehydration/rehydration cycles [cycle I given in panels a and c,
and cycle II given in panels b and d, during 1998 and 1999,
respectively. The CO, treatments were Control [ambient 370
umol (CO,) mol™* ] and FACE [ambient +200 umol (CO,) mol!
for 24 hrs d'], and the H,O treatments were either ample or only
two irrigation events for well-watered (Wet) and water stress
(Dry) treatments, respectively. Legend same as Fig. 1. Vertical
bars around each datum represent one standard error of the
replication means. Results of ANOVA for CO,, H,0O and
CO,xH,0 interaction effects given for each growth stage above
each datum as *** ** * and NS for p <0.01, p<0.05, p<0.10,
and not significant, respectively.

from the USDA, Competitive Grants Program to the University of Arizona (Steven W. Leavitt, PI); and by the USDA,
Agricultural Research Service. It is part of the DOE/NSF/NASA/USDA/EPA Joint Program on Terrestrial Ecology and
Global Change (TECO I1I). This work contributes to the Global Change Terrestrial Ecosystem (GCTE) Core Research
Programme, which is part of the International Geosphere-Biosphere Programme (IGBP). We also acknowledge the
helpful cooperation of Dr. Robert Roth and his staff at the Maricopa Agricultural Center, Maricopa AZ. Portions of the



FACE apparatus were furnished by Brookhaven National Laboratory, Uptown NY, and we are grateful to Mr. Keith
Lewin, Dr. John Nagy, and Dr. George Hendrey for assisting in its installation and consulting about its use. See Kimball
et al. (1999, this volume) for additional cooperators.
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FACE 1998-99: SOIL MOISTURE AND EVAPOTRANSPIRATION IN SORGHUM
UNDER ELEVATED CO, AND WATER STRESS CONDITIONS

M.M. Conley, Physical Science Technician; B.A. Kimball, Soil Scientist;
G.W. Wall and N.R. Adam, Plant Physiologists; P.J. Pinter Jr., Research Biologist;
D.J. Hunsaker, Agricultural Engineer; and R. LaMorte, Civil Engineer

PROBL EM: Deforestation and increased combustion of fossil fuelsdueto global industrialization
arecausing increasesin atmospheric CO, concentrations. Increasesin CO, concentration affect plant
growth. Previous FA CE experimentsinvestigated the impact of a 200 «mol mol™* CO, increase on
cotton and wheat, which utilize the C3 photosynthetic pathway. The 1998-99 FACE experiment
investigated this futuristic atmospheric environment on sorghum, which is a C4 plant.

APPROACH: A Free-Air CO, Enrichment (FACE) system consisting of four 25-m diameter rings
was used to increase the background CO, over field-grown sorghum by 200 wmol mol™. Four
additional ringswith identical air flow but at ambient CO, served as experimental controls. Vertical
2.5-m-tall CO, vent pipes were spaced 2 m apart along the perimeter of each ring. Wind direction,
wind speed, and CO, concentrations were measured for each FACE ring. These datawere used in
acomputer controlled system that delivered CO,-enriched air to the upwind side of each FACE ring.
The system maintained CO, concentrations at 200 wmol mol™ above ambient, 24 hours a day,
throughout the growing season.

Half of each ring received amplefloodirrigation (Wet) whilethe other half waswater stressed (Dry)
in asplit-strip plot design. Thus, there were two levels of CO, and two levels of soil water supply,
each replicated four times creating sixteen semicircular plots.

Soil moisture in terms of percent water by volume, or volumetric theta (m® H,O / m® soil), were
determined through use of a Cambell Pacific nuclear Hydroprobe. A two-inch-diameter neutron
access tube wasinserted vertically into the ground in each of the sixteen plots. M easurements were
taken at each foot to the six-foot depth during the 1998 season and to the ten-foot depth during the
1999 season. Additional measurements were taken during the 1999 season, including a profile
measurement where 120 measurements were taken over aten-foot profile.

FINDINGS: Significant differencesin soil water were detected between Wet and Dry plots during
dry-down periods (Fig. 1). There were also substantial differences in soil water between the CO,
treatments. In addition, a high degree of variability was detected among plots, and by depth. The
majority of this variability could be attributed to variable soil texture. Although there was a high
degree of relative variability in total water by soil volume, the portion of water availableto plants,
between field capacity and permanent wilting point, spanned from 1-8% of soil volume with an
average of 4%, over aten-foot profile.

Datafor Wet plotsin 1998, over six feet of depth (Fig. 1, panel 1), indicate asoil texture difference
between theaverage FA CE-Wet plot (more sand) and theaverage Control-Wet plot (moreclay). This
resulted in aconsistent 1% volumetric water content difference between thetwo treatments. The soil
texturedifference between FA CE-Dry and Control-Dry plotswassmaller. Additionally, two distinct



dry-down periods for the Dry plots were apparent, first DOY 228-254 and second, DOY 275-330.
A small amount of rainfall (5 mm) occurred on DOY 331.

Soil water content data for the 1999 season, across ten feet of depth (Fig. 1 panel 2), show a
consistent 1% differencein soil water similar to 1998 (Fig. 1, panel 1), again suggesting that FACE-
Wet contained slightly more sand on average. There was no significant difference in soil water
content between the CO, treatments under the Dry irrigation treatment. Also shown were three dry-
down periods involving the Dry treatments, DOY 200-218, DOY 228-258, and DOY 268-290.
Rainfall totaling 56 mm occurred between DOY 263-267.

Evapotranspiration (ET) was cal culated using the volumetric dry-down of stored soil water between
irrigations. ET wasextrapol ated during daysexhibiting increased volumetric water (duetoirrigation
or rain water application) by averaging the estimated ET before and after the volumetric increase.

Figure 2, panel 1, depicts mean cumulative evapotranspiration (ET) for the 1998 season cal culated
over six feet of depth. A difference in cumulative ET occurred between Wet and Dry treatmentsin
early September DOY 240. FACE-Wet and Control-Wet plots show different cumulative ET by mid
September. Thistrend continued until theend of the season where FA CE-Wet evapotranspirated 161
mm less water than Control-Wet. FACE-Dry and Control-Dry plots did not show significant
differencesin cumulative ET. Thisis consistent with previous FACE experiments (Hunsaker et al.,
1996).

Figure 2, panel 2, shows ET data for the 1999 season calculated over six feet of depth. Trends are
similar to the 1998 season results except that FACE-Dry and Control-Dry treatments do show a
difference in cumulative ET by mid August, and by the end of the season FACE-Dry
evapotranspirated 102 mm of water less than Control-Dry. One reason why the FACE effect is
visible in Dry treatments during the 1999 season and not in the 1998 season is that Dry treatments
in 1999 were more water stressed than in 1998 dueto an earlier planting date and decreased amount
of applied irrigation. FACE-Wet evapotranspirated 159 mm less water than Control-Wet.

Figure 3, pandl 1, shows the soil water profile of plot FACE-Wet Replication-1 on two different
days. DOY 236 occurred after an irrigation, while DOY 295 took place near the end of the season
in adry period. Fluctuations in volumetric soil moisture through the ten-foot profile are indicative
of avarying soil texture. A “surface effect” created by the scattering of neutronsto the atmosphere
is evident in the first nine inches of depth. Estimations of available water and bulk density were
derived from physical sampling before the season. Soil horizon labels and relative soil texture
designationsareprovided. Therewassignificant drying of thewhol eten-foot profile betweenthetwo

days.

Figure 3, panel 2, depicts the soil water profile of plot FACE-Dry Replication-1 on the same two
days asin figure 3, panel 1. As with figure 3, panel 1, the neutron scattering “surface effect” is
evident and soil horizon and general relativetexture designationsaregiven. Of special interest isthat
most of the soil dry-down occurred between O - 5.5 feet of depth, which suggests that there was a
reduced rooting zone in the Dry plots (O - 5.5 feet).
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Figure 1. Soil water content means averaged over four replicates and six feet of depth for 1998 (left panel) and over ten
feet of depth for 1999 (right panel) verses day of year; where FD = FACE-Dry, FW = FACE-Wet, CD = Control-Dry
and CW = Control-Wet. Error bars show standard error calculated for each day between replications.
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plot (FD1) right panel, verses depth, taken on contrasting (wet / dry) dayswith soil horizon, texture, available water and
bulk density information.

INTERPRETATION: Measurements with neutron scattering equipment confirmed that a wide
separation in the soil water content was achieved between the ample (Wet) and water-stress (Dry)
irrigation treatments, as planned. However, within an irrigation treatment, consistent differencesin
water content were observed that appeared to be due as much to field variability in soil texture, i.e.,
water holding capacity, asto the CO, treatments. Neverthel ess, when cumul ative evapotranspiration
(ET) was computed from the changes in water content during drying within each plot, a consistent,
statistically significant pattern emerged. The average cumulative ET for 1998 and 1999 showed
sorghum plants in the FACE-Dry plots used 10% less water than those in Control-Dry plots.
Likewise, in the amply irrigated (Wet) plots, elevated CO, from the FACE treatment reduced
seasonal ET by about 20.9%, which suggeststhat irrigation requirementsfor sorghumwill besmaller
in the future high-CO, world, provided that global climate changes are minimal.

FUTURE PLANS: Measurements of the soil moisture release characteristic, saturated K*, bulk
density, porosity, and soil texture are to be determined from the plot locations.

COOPERATORS: Seelist given by Kimball et al. (this volume).



ENERGY BALANCE AND EVAPOTRANSPIRATION OF SORGHUM:
EFFECTS OF FREE-AIR CO, ENRICHMENT (FACE)
AND SOIL WATER SUPPLY

B.A. Kimball, Soil Scientist; JM. Triggs and T.J. Brooks, Research Technicians, M.M Conley,
Physica Science Technician; R.L. LaMorte, Civil Engineer; C. OBrien, Research Assgtant; P.J.
Pinter, Jr., Research Biologist; G.W. Wdl and N.R. Adam, Plant Physiologists;

T.R. Clarke, Physicd Scientist; and R. Rokey, Biologicd Technician (Plants)

PROBLEM: The CO, concentration of theatmosphereisincreasng and isexpected to double sometime
during the next century. Climate modelers have predicted that the increase in CO, will causethe Earth to
warm and precipitation patterns to be dtered. Such increasesin CO, and possible climate change could
affect the hydrologic cycle and future water resources. One component of the hydrologic cycle that could
be affected is evapotranspiration (ET), which could be atered because of the direct effects of CO, on
stomatal conductance and on plant growth. Therefore, one important objective of the Free-Air CO,
Enrichment (FACE) Project (Kimball et d., this volume) isto evauate the effects of elevated CO, onthe
ET of sorghum and other crops.

APPROACH: We conducted two FA CE experiments on sorghum from mid-July to mid-December 1998
and again from mid-June to the end of October 1999 (Kimball et d., this volume).

Briefly, the FACE agpparatus conggts of the following: Four toroida plenum rings of 25 m diameter
congructed from 12" irrigation pipe were placed in a sorghum fidd a Maricopa, Arizona, shortly after
planting. The rings had 2.5-m-high vertica pipes with individua vaves spaced every 2 m around the
periphery. Air enriched with CO, wasblowninto therings, and it exited through holes & variousdevations
inthe vertica pipes. Wind direction, wind speed, and CO, concentrationwere measured at the center of
eachring. A computer control system used wind direction information to turn on only those vertica pipes
upwind of the plots so that the CO,-enriched air flowed across the plots no maiter which way the wind
blew. The system used the wind speed and CO, concentration information to adjust the CO, flow rates
to maintain desred CO, concentrations at the centers of therings. The FACE CO, concentration was
elevated by 200 ppm CO, above ambient (about 360 ppm in daytime) 24 hr/day al season long. Four
meatching Control ringswith blowersto provide air flow but no added CO, were dso inddled in the fied.
Some additional measurements were made in “mid-field” areas between the FACE and Control plots
where neither CO, nor air flow were atered.

In addition to the CO, treatments, varying soil water supply was aso afactor. Using a split-plot design,
the main circular CO, plots were divided into semi-circular haves, with each haf recaiving an ample
irrigationregime (Wet) or e serecelving awater-sresstrestment (Dry). Using flood irrigation, the Wet plots
were irrigated on roughly atwo-week schedule, whereas the Dry plots wereirrigated only twice (shortly
after planting and a mid-season).



The determination of the effects of elevated CO, on ET by traditiona chambersis fraught with uncertainty
because the chamber walls that constrain the CO, aso affect the wind flow and the exchange of water
vapor. Therefore, as done previoudy in the FACE cotton and wheat experiments (Kimball et d., 1994,
1995, 1999), a residua energy baance approach was adopted whereby ET was calculated as the
difference between net radiation, R,,, soil surface heat flux, G,, and sengble heat flux, H:

ET=R,-G,-H

R, was measured with net radiometers and G, with soil heat flux plates. H was determined by measuring
the temperature difference between the crop surface and the air and dividing the temperature difference by
an aerodynamic res stance cal culated from ameasurement of wind speed. Air temperatureswere measured
with aspirated psychrometers, and crop surface temperatures were measured with infrared thermometers
(IRTs) mounted above each plot. Fifteen-minute averages were recorded on a datalogging system. The
net radiometers and IRTs were switched weekly between the FACE and Control plots. Moreover, the
ingruments were carefully calibrated before and after each experimen.

FINDINGS: The micrometeorologica data have not yet been andyzed, so no report of the effects of the
FACE trestment ontheET of sorghum can be made. Inthe prior FACE cotton experiment, the cotton had
alarge growth response (40% increase) to the elevated CO,, but no effect on ET was detectable (Kimball
et a., 1994). In contrast, with wheat which had a modest growth response (about 20%), the FACE
trestment decreased, ET, by an average 6.7% (z 1.2%) for the four seasons under Wet, high-nitrogen
conditions. Under low nitrogen, the reduction in ET was 19.5% (Kimball et al., 1999).

The sorghum growth response to elevated CO, wasinsgnificant under the Wet conditions (Kimball et d., this
volume), so we hypothesizethat therewasareductionin ET. Then under the Dry conditions, the lower rate
of ET following an irrigation enabled the FACE plants to photosynthes ze and grow longer into a drought
cycle, which resulted in greeter total growth and yield under the FA CE treatment compared to the Control
plots.

INTERPRETATION: It appears from the prior FACE cotton experiments that cotton irrigation
requirementswill not change, whereasfor whest they may become somewheat lower in thefuture high-CO,
world (provided that any global warming is smdl). We can make no definitive statement about sorghum
yet.

FUTURE PLANS: Completethe analysis of the micrometeorologica datafrom thetwo FACE sorghum
experiments and write the corresponding manuscript.

COOPERATORS: see Kimball et al., “The Free-Air CO, Enrichment (FACE) Project: Progress and Plans” (this
volume).
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FACE 1999: CHANGESIN PHOTOSYNTHETIC APPARATUS OF SORGHUM
IN RESPONSE TO CO,-ENRICHMENT AND WATER STRESS

N. R. Adam and G.W. Wall, Plant Physiologist; B.A. Kimball,
Research Leader; P.J. Pinter, Jr., Research Biologist; and R.L. LaMorte, Civil Engineer

BACKGROUND: With the expected doubling of atmospheric levels of CO, sometime in the
21st century, it isimportant to understand how this change will affect our way of life and, more
specifically, how it will affect plant life. The Free Atmospheric CO, Enrichment (FACE)
facility at the University of ArizonaMaricopa Agricultural Research Center is helping to
determine how plants respond and acclimate to long-term exposure to elevated levels of CO, in
thefield. A compilation of the Maricopa FACE datafrom 1995 and 1996 showed that elevated
CO, caused final grain yields of spring wheat, a cool-season crop, to rise by an average of 16%
under non-limiting water and nutrient conditions (Pinter et al., 1997). However, under lower
levels of nitrogen, CO, enrichment increased yields by 8%. In order to predict the responses of
wheat to further increases in atmospheric CO,, we investigated the responses of photosynthetic
parameters and proteins of spring whest to elevated CO,.

Plants acclimate to changes in CO, concentration through changes in the amounts and activities
of enzymes required to reestablish a balance within the photosynthetic apparatus. An earlier
report (Adam et al., 1997) presented data from a gas-exchange technique in which
photosynthesis (A) is measured at arange of intracellular CO, concentrations (Ci), providing
information on changes within the photosynthetic apparatus. Since Rubisco (the enzyme
catalyzing the initial reaction of photosynthesisin spring wheat) capacity is limiting at low values
of Ci, the slope of the A-Ci relationship at those low values of Ci can be used to assess changes
in the ability of Rubisco to fix CO,. Thisslope, called the “carboxylation efficiency”, can be
used as an indicator of down-regulation in which the amount of Rubisco is decreased in response
to the greater concentration of atmospheric CO,. Because Rubisco can fix either CO, or O,,
increases in the relative proportion of CO, in the atmosphere could be expected to help the plant
fix more CO, or to reduce (or down-regulate) the amount of Rubisco in order to fix the same
amount of CO,. If down-regulation does occur, we could expect an upper limit to the yield
increases commonly seen under CO, enrichment. The carboxylation efficiency of spring wheat
was affected by growth in elevated CO,. Follow-up work to support the carboxylation efficiency
datawas presented by Adam et al. (1998). By assaying the Rubisco activity and content of the
leaves which were used for the A-Ci gas-exchange analysis, we provided further support for
down-regulation. The Rubisco activity and content data supported the interpretations of the
carboxylation efficiency data, indicating that down-regulation of the photosynthetic apparatusin
response to elevated CO, did occur. However, the responses of Rubisco activity of wheat to CO,
enrichment and N fertilization were dependent on growth stage and the position of the leaf within
the canopy.

The work with spring wheat, a so-called C; plant, indicated that, in order fully to assess the
response of crop plants to elevated CO,, various growth stages and a canopy profile must be
measured. Similar experiments were conducted in 1998 and 1999 on sorghum, a warm-season



crop with a different, so-called C,, carbon-trapping mechanism. The carbon-trapping enzyme of
sorghum is PEPCase which, unlike Rubisco, fixes only CO, and not O, The product of the
reaction catalyzed by PEPCase is then shuttled to Rubisco and into the Calvin cycle. Because
PEPCase has the effect of concentrating CO, in the leaf, then plants with this pathway have not
been expected to respond greatly to increases in atmospheric CO, concentrations. The objective
of these experiments was to determine the effect of growth in elevated CO, on the gas exchange
parameters and photosynthetic proteins of sorghum.

APPROACH: Sorghum bicolor (L.) Moench (cv. Dekalb 54) was planted in an open field at
The University of ArizonaMaricopa Agricultural Research Center, located 50 km south of
Phoenix, Arizona (33.1 °N, 112.0 °W). Sorghum was planted on July 13 and 14, 1998, and again
on June 14 and 15, 1999, (Kimball et al., 1999, this volume). Fifty percent emergence occurred
July 30, 1998, and July 1, 1999. Following sowing, a FACE apparatus was erected on site to
enrich the CO, concentration of the ambient air (ca. 370 umol mol™) to ca. 570 pmol mol™.
Water was applied as a split plot factor using flood irrigation such that “Wet” plots received
ample water while “Dry” plots received only two irrigations and were severely stressed. All plots
received 278.7 kg ha* N.

For the first sampling date (the 4™ and 5" |leaf stage), gas exchange anal yses were conducted on
the uppermost fully-expanded leaf (referred to as flag leaf) and on the flag minus one lef.
Thereafter, measurements were made on the flag leaf and the flag minus two | eaf.

Photosynthesis rates were measured over arange of intracellular CO, levels, generating an A-Ci
curve. At the end of each curve, the leaf was frozen as quickly as possible with aliquid nitrogen-
cooled clamp and stored in liquid nitrogen. Activity of Rubisco, PEPCase, and PpdK will be
assayed from leaves collected from both years.

FINDINGS: The A-Ci gas exchange measurements made on sorghum during the 1998 season
showed a strong reduction in theinitial slope of the A-Ci curve due to CO, enrichment in the
early part of the season (Fig 1). The effect of the CO, on the flag leaf was not influenced by
irrigation level. However, the effect of the CO, on the flag minus two leaf was more consistent
in the dry treatment.

INTERPRETATION: Thereductionsin the carboxylation efficiency of sorghum due to CO,
enrichment were surprising and seemed to depend on leaf age or growth stage. However,
biochemical assays on the frozen leaf pieces must be conducted before conclusions may be
drawn as to whether down-regulation did occur.

FUTURE PLANS: Biochemical assays will be conducted on both the 1998 and 1999 samples to
determine activities and relative quantities of key enzymes of the sorghum photosynthetic
pathway. The assay results will be compared to the gas exchange data in order to determine
whether down-regulation is occurring or if there is some other mechanism involved.
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THE ENCHANTMENT OF PHOTOSYNTHES SDURING THE 1999FACE
SORGHUM EXPERIMENT.

A.B. Cousins, Graduate Student; N.R.Adam, Plant Physiologist; G.W. Wall, Plant Physiologist
and A.N. Webber, Professor

PROBLEM: Natura processes of the earth, coupled with the onset of the industrid revolution
and the exponentia growth of the human population, are causing rgpid changesto our environment
at unprecedented rates. By the end of the next century, anthropogentic activities are predicted to
cause the earth’ s atmospheric carbon dioxide (Ca) concentration to double to ca. 700 mmol mol™?
(McElroy, 1994). Researchers have studied effects of elevated Ca on many aspects of plant
development, metabaolic regulation and net photosynthetic productivity (see recent reviews Stitt,
1991; Bowes, 1991). Increasing Cais predicted to cause asignificant responsein photosynthesis
of teredriad plants, in paticular the assmilation of carbon by Ribulose bisphosphate
carboxylate/oxygenate (Rubisco) and Phosphoenol Pyruvate carboxylate (PEPC) ( Edwards and
Walker 1983).

C4 plants, such as sorghum, have the ability to concentrate CO, at the Site of Rubisco to
concentrations 10-20 timesthat of atmaospheric levels. Coordination and compartmentalization of
gpecific biochemica and anatomicd features are required to maintain and utilize this CO, pump.
In mesophyll cells (MSC) CO,, in the form of HCOj, is fixed by PEPC into OAA, which is
converted to malate (MA) and passively transported into bundle sheath cells (BSC). Within BSC,
MA is decarboxylated releasing CO, which enters the photosynthetic carbon reduction (PCR)
cycle. Two adenosine-triphosophate (ATP) molecules are required to regenerate Phosphoenol
Pyruvate (PEP) from pyruvate produced from the NADP-malic enzyme catdyzed MA
decarboxylation reaction. The basal energy requirement of the NADPH-typeC4 mechanismis5
ATP and 2 NADPH per CO, fixed. However, the quantum requirement of C4 plants varies
depending on the extent of CO, leakage from the BSC, over cycling of the C4 pump, and the
contribution of the Q-cycle to the production of the proton motive force. Calculations of the
resistance to CO, diffusion from bundle sheath cdllsto intercellular spacer, (m? s mol ™) and the
total resistance to diffusion of CO, from air to chloroplast of BSC r, (m? smolt) have been made
from measurements of photosynthesis, photorespiration and O, isotope exchange measurements
(He and Edwards, 1996). Data andyzed from Da et al. (1995) shows the lowest r, vduesin
Z.mays came from young and senescing tissues. Thisimpliesthat asthevaueof r decreases, the
ability of CO, to diffuse between the BSC and the intercellular spaces of the mesophyll cells
increases.

Due to the ability of C4 plants to concentrate CO,, they are not expected to show an incressed
growthresponseto elevated Calevels. However, severd studies have shown that growth of C4
plants under elevated atmospheric CO, concentrations, even under well watered conditions,
gimulatesanincreasein biomass production.  One possible explanation for the growth stimulation
of C4 plants a high CO, is that the immature C4 pathway in young leaves has C3-like
characteristics, and consequently photosynthesisisresponsiveto increasing CO, supply abovethe



current ambient concentrations. Under current atmospheric CO, concentrations the carboxylation
reaction in C3 plants is inhibited by the oxygenation reaction, which reduces the net uptake of
carbon. A reductionin O, partid pressure increases the efficiency of the carboxylation reaction
and stimulates the net rate of carbon assmilation. In Zea mays, the development of the C4
photosynthetic apparatus occurs early in leaf development. As young leaves emerge into full
anligtt from the surrounding whorls formed by older leaves, the expresson and
compartmentaization of the C4 photosynthetic gpparatusis nearly complete. A smilar pattern of
development of the C4 photosynthetic pathway is observed in sorghum (Cousins, unpublished
observations).

Inthisstudy we monitored the effects of Free Air Carbon-Dioxide Enrichment (FACE) conditions
on the photosynthetic performance of Sorghum bicolor DK54.  Following the ontologica plant
development throughout the growth season of the FACE sorghum project, the uppermost fully
expanded |eaves were sampled at various days after planting (DAP). We used the measurements
of Chlorophyll a fluorescence and carbon assmilation to address energy utilization, quantum
requirement, oxygen sengitivity and net photosynthesis (A*) enhancement of FACE-grown plants.

APPROACH: Fddgrown Sorghum bicolor (DK54) was exposed to ambient (~370 mmolmol
1 and FACE (ambient +200 mmolmol ) CO, leves asdescribed by Kimball et al. “Progressand
Fans for the FACE Project” and Pinter et al. “Daytime CO, and Nighttime Blower Effects on
Canopy Temperatures and Frost Damage During The 1998 FA CE Sorghum Experiment” in the
1998 USWCL Annud Research Report.

Plant materid was sampled prior to 7:30 am and stored at 10°C in darkness until measurements
were made as described by Adam et al. (submitted). Leaf samplesto be measured were placed
into a 6400-06 PAM 2000 Adapter cuvette (LiCor, Inc. Lincoln, NE) which fits the fiber-optic
probe of the pulse modulated fluorometer (PAM 2000, Waz, Effdtrich, Germany) abovethe leaf
at a 60 degree angle. Plants were dark-adapted for a minimum of one hour and smultaneous
measurements of chlorophyll A fluorescence and gas exchange were made to determine dark
respiration rates (Rp), Fo and R, vaues. Subsequently, the cuvette was illuminated with ~800
mmol photon n2s* by a400 W halogen lamp, and leaf temperature was maintained at 30+1°C.
Leaf samples were acclimated for gpproximately one hour until steady state photosynthesis and
chlorophyll A fluorescencewasatained. Thequantumyied of PSI (f PSIT), determined by f PSI|
= (Fy-Fs)/Fy, and carbon assimilation (A, mmol CO,n1%s ) were smultaneous determined a [Cal
values of 75, 200, 370, 570 and 700 mmolmol™ in air containing both 21 and 2% oxygen.

FINDINGS: The photosynthetic (mmol CO, ms?) response (A) and dark respiration ratesof S.
bicolor measured at growth CO, concentrationsfor ambient and FA CE conditionswere measured
throughout the season, Table 1. The percent stimulation of A for FACE grown plantsisshownin
Table 1. At 6 days after planting (DAP) the second leaf was the uppermost fully expanded and
showed the largest percent increase, 37 % (p= 0.027207). Less pronounced increases in
assmilation occured later in the growth season at 28 (p=0.017191), 36 (p=0.017521) & 60
(p=0.02224) DAP. Carbon assmilation of fully expanded |leaves of C4 plants have been reported



to be saturated at current atmospheric CO, concentrations. To further investigate the enhancement
of carbon assmilation by FACE, conditions A was measured at growth CO, concentrationsin ar
containing oxygen concentrations of both 21% and 2%, Figure 1a&b. A 16 % (p=0.094363)
increase simulation of A by 2% O, for abmient grown plants occurred in the second leaves at 6
DAP.

The gimulation of A a 2% O, observed at growth [CO,] was not observed a lower CO,
concentrations. Thismay be due to the requirement of C3 cycle activity on the supply of NADPH
from C4 cycle activity.  The quantum efficiency of CO, fixation for leaves 3 and 5 are
goproximately 12 and 13 at higher [Ca] but increased dightly as the [Ca] decreased (data not
shown). In the second leaves, the f PSII/f CO, greatly exceeded thetheoretical minimum energy
requirement at low [Ca] but the ratio droped close to the minimum vaue of 8 as[Ca] increases.
At low [Cq] thelarge energy requirement per CO, fixed may be dueto the over-cycling of the C4
pump and legkage of CO, fromwithinthe BSC. Increasing the [Ca] reduces over-cycling, leekage
of CO, fromthe BSC and inhibits photorespiration, causng areduction inthef PSII/f CO, ratio.

INTERRETATIONS: Carbon assmilation, when measured at growth [Ca], inyoung S. bicolor
leaves was enhanced by FACE conditions. Partid stimulation of A in young plants was due to
oxygen senditivity as shown by theincreasein A a 2% O,. Additiondly, devated [Ca] enhanced
energy use efficiency possibly by decreasing overcycling of the C4 pump and reducing the amount
of CO, lesking from the BSC. These results suggest that the simulation of C4 photosynthes's
under elevated CO, is due to the enhancement of A and energy use efficiency early in the
devdopment of the plant.  Further investigations are needed to understand leskiness and
overcyding of leavesin young sorghum plants.

REFERENCES:. BowesG 1991. Growth at e evated CO2: photosynthetic responses mediated
through Rubisco. Plant, Cell and Environment. 14.795-806.

Edwards GE and Walker DA 1983 C3,C4: Mechanismsand cellular and environmental regulation
of photosynthesis. Oxford: Blackwell Scientific.

McElroy M.B. 1994 Climate of the earth: an overview. Environmental Pollution 83:3-21.

Sttt M 1991 Risng CO2 levels and their potentia significance for carbon flow in

photosynthetic cells. Plant, Cdl and Envirnoment 14.741-762.



Table1. Grossassimilation, A, and respiration rates, R, (umolCO,m?s), of the uppermost fully
expanded leaves from ambient and FACE treatments at various days after planting.

M easurements were made at ambient and FACE growth CO, concentrations, 370 pmol mol™
and 570 umol mol™ respectively. n= 3 (SE)

Gross Photosynthesis (A) % Rp

umolCO,m?%s™* difference pumol CO,m?s™

DAP Ambient FACE Ambient FACE
6 23.33(+2.05) | 31.90(+2.61) 36.7 -0.80(+0.28) | -1.86(+1.01)
9 27.86(+2.73) | 28.00(+1.66) 0.5 -2.30(+0.13) | -2.49(+0.61)
19 | 29.40(+2.15) | 26.33(+1.29) -10.4 -1.19(+0.29) | -0.61(+0.21)
23 | 22.23(+1.51) | 25.80(+1.35) 16.1 -2.39(+0.39) | -2.28(+0.17)
38 [ 26.46(+1.31) | 29.91(+154) 13.0 -0.93(+0.27) | -1.10(+0.28)
60 | 25.91(+0.29) | 29.85(+0.93) 15.2 -1.00(+0.26) | -0.76(+0.23)

Figure 1. Theresponse of A* to changesin ambient O, concentrations. Measurements were
carried out at ambient growth [Ca] values of 370ppb (A) and FACE-grown conditions of 570ppb
(B). The percent enhancement of A* by 2% oxygen for ambient and FA CE conditions, (C) and

(D).
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Effects of Water Stressand CO, on Sorghum Canopy Ar chitecture and Gas Exchange:
A Rationalefor Study and Progress Report

T.J. Brooks, J.M. Triggs, and M. Conley, Research Technicians;
G.W. wall, Plant Physiologist; P.J. Pinter, Jr., Biologist; B.A. Kimball, Research Leader;
and R.L. LaMorte, Engineer

PROBLEM: The Intergovernmental Panel on Climate Change (IPCC) reports that global CO,
levelswill rise from the current ambient level of 370 pmol mol™ to over 500 pmol mol™ by the end
of the 21% century (IPCC, 1995). Of primary concern to the human population is the impact that
rising global CO, concentrationswill have on agriculture. TheU.S. Water Conservation Laboratory
(USWCL) Environmental and Plant Dynamics (EPD) Group has been investigating the impact of
increased CO, and water stress on various C3 agricultural cropsfor the past 8 years through the use
of a Free-Air CO, Enrichment apparatus (FACE) (Hendrey, 1993; Hendrey and Kimball, 1994).
These FACE experiments used small (1m?) pop-on chambers to measure the rates of net
photosynthesisand canopy conductance, thereby providing“ snapshots’ of crop physiology (Kimball
etal., 1995) Resultsfrom theseinvestigations have enabled membersof the EPD Group to conclude
that canopy photosynthesis and water use efficiency are improved in C; plants, such as wheat and
cotton, when subjected to CO,-enriched environments (Kimball et al., 1995).

Theprimary carboxylating enzymefor carbon assimilationin C3 plantsisribul ose-1,5-bi sphosphate
oxygenase/carboxylase (Rubisco), though phosphoenol pyruvate carboxykinase (PEPC) is present
(approximately 20:1 ratio of Rubisco to PEPC). Rubisco may account for as much as 50% of all
soluble leaf protein. Rubisco is not saturated at normal atmospheric CO, concentration. Thus, as
CO, isincreased, the relative saturation of Rubisco increases and the overall photosynthesis rate
increases.

A second typeof carbon assimilation, the C4 pathway, isused by plants such as sorghum, maize, and
sugarcane. This pathway relies on PEPC asthe primary carboxylating enzyme. Unlike a C3 plant,
special Krantz anatomy compartmentalizes the carbon assimilation pathway into the bundle sheath
cells and the mesophyll. In essence, compartmentalization and PEPC act to serve as a CO,
concentrating mechanism.

The FACE 1998-2000 investigation sought to understand if improved plant growth and yield
observed for C3 crops would be similar for C4 sorghum when grown in a CO,-enrichment x water
stress experiment. For well-watered conditions, it is unlikely that sorghum will respond to CO,
enrichment, because the CO, concentrating mechanism keeps PEPC near saturation regardless of
ambient CO, concentration. However, it issuspected that drought stress may cause minute changes
in the cellular structure of Kranz anatomy allowing CO, to “leak” in and out of the bundle sheath
cells. Bundle sheath cell leakiness would alow for a greater response to CO, for sorghum grown
under water-stressed conditions than ample-watered conditions. In addition, previous FACE
experiments on C3 species have demonstrated that elevated CO, causes partial stomatal closure
thereby improving plant water use efficiency and reducing soil water depletion. It ispossible that
sorghum may react in asimilar manner during early growth asthe C4 mechanism developsand | ater
due to bundle sheath cell leakiness.



APPROACH: Four 25-m-diameter ringswere placed in thefield and used continually to enrich the
CO, concentration of the air to 200 pmol mol™ above ambient. Four identical rings served as
controls. Ample water was applied to one half of each ring, while the other half was subjected to
water stress (strip-split plot design). “Flow-through” chambers were placed in each treatment of
replicates 3 and 4 and were used to collect canopy carbon exchange datafor aperiod of 10 days. At
the end of this time period the chambers were moved to a new location within the treatment.
M easurements of canopy greenness, plant areaindex (PAI), mean leaf tip angle distribution (LTA),
and solar radiation (PAR) were made on aweekly basis. Resulting data are in the process of being
analyzed.

FINDINGS: As of the writing of this report, data collection and analysis were still under way;
however, a sample of each data type collected has been provided in the following figures.

Figure 1. Sorghum canopy photosynthesis
rate for July 24, 1999 (DOY 203). Dataare
w0 plotted ashourly averagesacross 2 replicates.
g 6l Error bars represent 1 standard error of the
E8 mean.
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Figure 3. Plant areaindex for 1998.
Plant area index is a derived factor
relating the surface area of standing

plant occupying a given ground area.

Figure 4. Mean leaf tip angle
distribution during 1998. 90 degrees
represents a horizontal leaf surface.

Figure 5. Uppermost fully expanded
leaf greenness during 1998, as
measured using a portable leaf
chlorophyll meter. Similar
measurements were made on leaves
lower in the canopy as well.
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INTERPRETATION: Initial analysis suggests that CO, affected whole canopy photosynthesis
rates, architecture, and light capture for plants grown under water-stressed conditions more than
those given amplewater. The degree to which each parameter was affected isindeterminate at this
stage of the analysis.

FUTURE PLANS: We will continue with data analysis; the results will be used in a manuscript
for publication in a peer-reviewed journal and as a chapter in my doctoral dissertation. Data
collected during this experiment also will be used as a validation data set for computer modeling
applications pertaining to plant growth and global climate change. An extended stay at the
University of Alberta to work with Dr. Robert Grant on the latter topic is currently planned for
January-April 2000.

COOPERATORS: see Kimball et al., this report.
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NDVI, fAPAR, AND PLANT AREA INDEX IN THE 1999 FACE SORGHUM
EXPERIMENT

P.J. Pinter, Jr., Research Biologist; B.A. Kimball, Supervisory Soil Scientist; R.R. Rokey and S.M.
Gerszewski, Biological Technicians; T.J. Brooks, Research Technician; R.L. LaMorte,
Civil Engineer; and G.W. Wall and N.R. Adam, Plant Physiologists

PROBLEM: Anticipated increases in atmospheric carbon dioxide (CO,) and changes in global
climate will have important consequences for production agriculture and the world's food supply.
Evidencefrom ArizonaFree Air Carbon dioxide Enrichment (FACE) experimentsand similar studies
at other FACE sites around the world have revealed positive effects of elevated CO, on the
productivity of C; plants under natural field conditions. During 1998 and 1999 we used FACE to
study the interactive effects of supra-ambient concentrations of CO, and reduced water supply on the
agronomy and fina yields of grain sorghum, a globally important C, crop species. This report
discusses preliminary results from that experiment using several non-destructive methods to infer
canopy development and light absorption.

APPROACH: Sorghum (Sorghum bicolor L. Dekalb Hybrid DK54) was sown (10.0 kg ha®;
~318,000 seeds ha) in north-south rows spaced ~0.76 m apart at The University of ArizonaMaricopa
Agricultural Center (MAC) on June 14 and 15, 1999. Emergence of seedlings occurred on or about
July 2, 1999; density was estimated at 26.0 plants m?. Treatments were similar to those imposed in
1998. Plantswere exposed to ambient (Control, ~370 umol mol™) and enriched (FACE, +200 pmol
mol™ above ambient) CO, levels; treatments were replicated four times. CO, treatment plots were
split in half to test the effect of different flood irrigation regimes on sorghum response to CO,. The
final harvest of plotsin the FACE arraystook place on October 26, 1999. Additional experimental
details can be found in Kimball et al., “Progress and Plans for the FACE Project” in this volume.

NDVI. Canopy reflectance factors were obtained 45 times between June 24 and October 22, 1999,
using a handheld radiometer (Exotech, Inc., Gaithersburg, MD) equipped with 15° fov optics.
Twenty-four measurements were taken along a 7 m transect on the north edge of the no-traffic, final
harvest areain each treatment combination and replicate. Datawere obtained at atime corresponding
to anominal solar zenith angle of 45°. Red (0.63 to 0.69 um) and near-infrared (NIR, 0.78 to 0.89
pum) reflectance factors were used to compute the Normalized Difference V egetation Index [NDVI =
(NIR-red)/(NIR+red)].

fAPAR. Incident (1), transmitted (T), and reflected (R) light in photosynthetically active wavelengths
(PAR, 0.4 to 0.7 pm) were measured just prior to midday (1100-1215h MST) on 7 dates during the
Season using an Accupar sensor (Decagon Instruments, Inc., Pullman, WA). Measurementsweretaken
above and below the plant canopy in six adjacent rows along the north edge of the final harvest area.
The 80 cm-long sensor was oriented perpendicular to plant rows. Data were recorded separately for
each 5 cm segment of the sensor. Reflected PAR also was obtained over a bare soil plot (RPAR)).
The fractional amount of PAR (fAPAR,) was computed using alight balance equation:

TPARC) _ ( RPARC) . (TPARC)E( RPAst

fAPARC = 1—(
IPAR IPAR IPAR IPAR
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where the subscripts ¢ and s refer to the sorghum canopy and a bare soil plot, respectively.

PAI. A Plant Canopy Anayzer (LAI-2000, LICOR Inc., Lincoln, Nebraska) was used to obtain
dataon plant areaindex (PAIl). Datawere collected shortly after dawn at 1-3 week intervals during
the season (7 dates). The sensor was deployed between six adjacent rows on the north edge of the
final harvest area. The sensor and canopy were shaded from direct beam solar radiation with a
manually positioned, opagque panel measuring 1 by 1 m and held at adistance of 5t010 metersfrom
the optics. The PAI parameter was determined from atotal of 3 measurements above the canopy
and 18 below the canopy in each plot. A radiative transfer algorithm computes PAI from canopy
light interception at 5 different angles of incidence on the fish-eye like sensor (148° field-of-view).

FINDINGS. NDVI. The seasonal NDVI data are shown in figure 1. The upper panel shows the
mean = 1 standard error of each treatment combination (abbreviations refer to: CD, Control Dry;
CW, Control Wet; FD, FACE Dry; FW, FACE Wet). The bottom panel shows the mean of each
treatment rel ative to the value observed in the Control Wet treatment. The NDVI trgjectory revealed
an early season phase where the signal was dominated by reflectance of bare soil and modulated by
seedlings that were dowly increasing in size. Thiswas followed by arapid increasein NDVI asthe
plants entered an exponential growth phase and rapidly attained full canopy cover. Water stress
between day of year 190 and 225 resulted in lower NDVI values for the dry treatments. The NDVI
for the wet treatments attained a plateau for about 3 weeks before panicle emergence (~DOY 235),
then declined gradually due to spectral properties of developing heads and senescing leaves. The
NDVI decline was dightly faster in FACE Wet compared with Control Wet, and more pronounced
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Figure 1. NDVI measured in sorghumin 1999. days for the Control CO, treatments in 1998 and
1999.
in the Dry compared with the Wet treatments.

Seasonal NDVI trgjectories can be superimposed to examine year-to-year differences in canopy
response to treatments or variation in climate. In figure 2, we graph NDVI against cumulative
growing degree days (GDDs) calculated from the AZMET weather station at MAC. Figure 2a
reveals early season similaritiesin the control wet treatments for both 1998 and 1999 despite a one-
month difference in planting date. Additionally, the NDVI data from 1999 shows what we believe
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isatypica end-of-season senescence pattern, while that from 1998 displays anon-typical, protracted
green canopy duration caused by suboptimal |ate-season temperaturesfollowed by atwo-step decline
in green canopy after frost events (Pinter et al, 1998 USWCL Annua Research Report). The early-
and late-season water stress in the dry treatment was much more severe in 1999 than in 1998 as
shown by lower NDV1 from ~900 to 1100 GDDs and after 1900 GDDs.

fAPAR.. Dataon canopy PAR absorption were first obtained with the Accupar sensor beginning in
mid-August (DOY 201), about 3 weeks after plant emergence (Fig. 3). From that point in the season
until the plants completely covered the soil in mid-August, we observed rapid increases in midday
fAPAR.. Consideringthedifferencesin planting datesand thermal time between 1998 and 1999, the
fAPAR, data were qualitatively similar in both years. Significant fAPAR differences were noted
between irrigation treatments both early and late in the season while there wasllittle effect that could
be attributed to the CO, treatments. The fAPAR, for the wet irrigation treatments remained >90%
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Figure 3. Fraction of absorbed photosynthietcally Figure 4. Plant areaindex measured with the LAl
active radiation (fractional APAR) during 1999. 2000 during 1999.

from before heading until the end of September (early- to mid-grain fill). Towards the end of the
season, the dry treatments absorbed about 10-15% less PAR than their wet counterparts.

PAI. The LAI-2000 measurements of PAI also were similar to those seen in 1998. Significant
differences were observed between irrigation treatments in the rate and extent of plant canopy
development (Fig. 4). There was a steady increase in PAI in the wet treatments up until early-
September, and then it leveled off at about 5.5 to 6.0 units both in elevated and ambient CO,
treatments. PAI inthe dry treatmentsalso increased in aregular fashion, abeit at anoticeably dower
rate. At anthesis (early- to mid- September), PAI in the dry treatments was 70 to 80% of that
observed in the wet trestments. Elevated CO, had little effect on PAI in either the wet or dry
irrigation treatments. Unlike the NDVI, which saturated for several weeks around anthesis, PAI
retained the capability clearly to distinguish between the water stressed treatments throughout the
Season.
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INTERPRETATION: The NDVI, PAI, and fAPAR, measurements were useful for contrasting
sorghum response to experimental treatments and for comparing overal canopy behavior inthe 1998
and 1999 FACE experiments. The early- and mid-season canopy responses under well-watered
conditions were quditatively similar both years despite the one-month difference in planting dates.
On an absolute basis, however, the maximum PAI attained under the wet treatment in 1999 was
about 8% lower than the maximum measured in 1998 (5.7 versus 6.2 units, respectively), an
observation which may help explain the dight differencein grain yields between thetwo years. Each
of the approaches discussed in this report also showed that the dry irrigation treatment reduced
canopy devel opment and persi stence significantly compared with the wet treatment. The datafurther
confirmed that the water stress imposed on the dry treatmentsin 1999 was more severe than in the
previous year and caused a significantly shorter green canopy duration.

The NDVI data revealed some interesting differences between 1998 and 1999 in the way the crop
responded to elevated CO,. For example, in 1998 we observed that extra CO, stimulated early
season plant growth and increased the amount of PAR that was captured by the sorghum canopy for
potential use in photosynthesis. In 1999, however, the wet treatments showed almost no effect of
elevated CO, early in the season, and a dightly increased rate of senescence towards the end of the
season. In both years however, sorghum exposed to elevated CO, and water stress displayed higher
NDV1 vauesthan their Control counterparts. The NDV | data obtained during thefinal portion of the
growing season reveal ed substantial differences between the two experimentd yearsduringthegrain
filling period. 1n 1998, the canopy stayed green later into the season. Infact, leaf senescence wasnot
noticeable until frost actually killed thetissue. The 1999 NDV | trgjectory showed a gradual decline
in green canopy during grainfill, aresponse which may be moretypical for this cultivar when end-of -
Season temperatures are more favorable.

In general, we found each of these non-invasive approaches very useful for monitoring the sorghum
canopy. Depending on the size of the plants and stage of growth, each varied in its suitability for
detecting treatment differences. Besides being much more convenient to measure, the NDV | proved
superior to direct FAPAR, or PAl measurementsfor several reasons. First, NDVI could be measured
early in the season when plants were small and the physical size of the Accupar or LAI 2000 sensors
precluded their use. NDV 1 aso showed large differences between treatments|ate in the season, when
canopies were senescing and the two other approaches were not able to distinguish between green
and senescent plant tissues. On the other hand, during the middle of the season when canopy had
reached full development and NDV I saturated, the PAl measurements with the LAl 2000 sensor
remained sensitive to differences between the treatments. Finally, the Accupar sensor provided
fundamental information on spatia variation of fAPAR,, a biophysical parameter required to
calibrate the NDVI and was useful as an input for plant growth models.

FUTURE PLANS: Anaysisof these dataare continuing. Comparisonswill be made between data
from these non-invasive techniques and conventiona agronomic measures of plant growth. Methods
will be sought to extend the Accupar-derived fAPAR, versus NDV | relationship beyond anthesis so
that NDVI can be transformed into a biophysical parameter having biological significance for the
entire growing season. NDVI aso will be used to confirm whether the experimental treatments or
the blower apparatusitsalf has an influence on end-of-season rates of canopy senescence.
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CO, ENRICHMENT OF TREES
S.B. Idso, Research Physicist; and B.A. Kimball, Supervisory Soil Scientist

PROBLEM: The continuing rise in the CO, content of Earth’s atmosphere is believed by many
peopl e to be the most significant ecological problem ever faced by humanity, primarily because of
the widespread assumption that it will lead to catastrophic globa warming viaintensification of the
planet’s natural greenhouse effect. There are aso, however, many beneficial effects of elevated
atmospheric CO, concentrations that are experienced by Earth’s plant life; and some of them, such
as the ability of elevated CO, to enhance plant growth rates, actually impact the global warming
problem. Earth’strees, for example, account for two-thirds of the planet’ s photosynthesis and are
the primary playersin the global cycling of carbon, removing CO, from the air, and sequestering its
carbonintheir tissuesand, ultimately, thesoil. Consequently, we seek to determinethedirect effects
of atmospheric CO, enrichment on the growth and devel opment of trees, concentrating specifically
on the long-term aspects of this phenomenon; for until someone conducts an experiment that is
measured in decades, we will never know what the long-term impact of theongoingriseintheair’s
CO, content will be on the planet’s most powerful contemporary carbon sink.

APPROACH: InJuly 1987, eight 30-cm-tall sour orangetree (CitrusaurantiumL.) seedlingswere
planted directly into the ground at Phoenix, Arizona. Four identically-vented, open-top, clear-
plastic-wall chambers were then constructed around the young trees, which were grouped in pairs.
CO, enrichment—to 300 ppmv (parts per million by volume) above ambient—was begun in
November 1987 in two of these chambers and, other than for brief maintenance and construction
periods, has continued unabated since that time. Except for this differential CO, enrichment of the
chamber air, al of the trees have been treated identically, being irrigated and fertilized as deemed
appropriate for normal growth (Idso and Kimball, 1997).

Asin al prior years, we continue to measure the circumferences of the trunks of the trees at the
midpoint of each month; and from these data we cal culate — on the basis of relationships devel oped
specifically for our trees (Idso and Kimball, 1992) — monthly values of total trunk plus branch
volume. Then, from wood density (dry mass per fresh volume) measurements we have made over
the past severa years, we calculate monthly values of the total dry weight of the trunk and branch
tissue of each tree. Results for December, January, February, and March — the winter period of
virtually no trunk expansion — are then averaged to give amean value for the year, from which the
preceding year’ s mean value is subtracted to yield the current year’ s production of trunk and branch
biomass.

We likewise continue our yearly fruit measurements, counting the number of fruit to reach maturity
on each tree, weighing each such fruit individually, and determining the percent dry weight of one
hundred ripe fruit from each tree, which alows usto calculate the total dry weight of fruit produced
in each of the CO, treatments.

The last major component of aboveground biomass that we regularly assess is leaf tissue. From
previously derived relationships (Idso and Kimball, 1992), we evaluate the number of new leaves
produced each year from our trunk circumference measurements. And from bi-monthly assessments



of leaf dry weight similar to those of Idso et al. (1993), we calculate the total dry weight of leaves
produced on the trees each year. These results, added to the trunk and branch dry weights and fruit
dry weights, then give us the total aboveground dry weight production per year for al of the trees
in the two CO, trestments.

When viewed in their entirety, the results continue to be encouraging. They indicate that the trees
of both CO, treatments may be close to achieving astage of maturity characterized by anear-steady-
state of yearly aboveground biomass production (Fig. 1). For thelast four years of the experiment,
for example, the value of total aboveground productivity in the CO,-enriched treeswas 107, 90, 95,
and 116 kg/tree; while for the ambient-treatment trees it was 62, 51, 57 and 61 kg/tree, producing
afour-year-mean CO,-enriched/ambient-treatment ratio of 1.77.
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Figurel. Yearly total aboveground biomass production in the ambient and CO,-enriched
sour orangetreesasafunction of time since the start of the experiment.

Fruit production has been a little more erratic; nevertheless, it too appears to be approaching an
asymptotic upper limit (Fig. 2). For the last four years, for example, harvested fruit biomass has
been 47, 38, 38, and 58 kg/tree in the CO,-enriched trees; whilein the ambient-treatment treesit has
been 25, 13, 23, and 31 kg/tree, producing afour-year-mean CO,-enriched/ambient-treatment fruit
production ratio of 1.97. What happensfrom this point on could thus be of greater significance than
all that has preceded it, for we are clearly close to determining the true long-term equilibrium
response of the trees to atmospheric CO, enrichment.
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Figure 2. Yearly fruit dry weight production in the ambient and CO,-enriched sour orange
treesas a function of timesincethe start of the experiment.

In another intriguing development, we have discovered that in the spring of each year the CO,-
enriched trees experience an enormous growth enhancement. This initial stimulation begins
immediately upon bud-burst, and three-and-a-half weekslater the new branches of the CO,-enriched
trees are typically more than four times more massive than those of the ambient-treatment trees.
Furthermore, because there are more branches on the CO,-enriched trees, their total new-branch
biomass is generally over six times larger than that of the trees growing in ambient air.

Once achieved, peak CO,-induced new-branch growth stimulation persists for about two weeks,
whereupon the large initial biomass enhancement beginsto subside. Then adecline setsin, and the
CO,-enriched/ambient-treatment new-branch biomass ratio of the trees ultimately levels out at a
value commensurate with the long-term total aboveground productivity ratio of the CO,-enriched
and ambient-treatment trees; i.e., at avalue of approximately 1.77.

Itispossiblethat thisphenomenon may bepartially responsiblefor theever-earlier spring “greening”
of the Northern Hemisphere over the past few decades, which has been observed in long-term
satellite studies of surface albedo, as well as in the increasingly earlier occurrence of the spring
drawdown of the air's CO, content, which is evident in long—term studies of the atmosphere’s
seasonal CO, cycle (Idso et al., in press).



INTERPRETATION: The stakes in this study are high, as no one has ever maintained an
experiment such as ours for a long enough time to determine the long-term consequences of
atmospheric CO, enrichment for long-lived woody plants. Indeed, the answer to thisquestionisone
of the critical elements that is needed to reveal the ultimate fate of the CO, that the people of the
world yearly emit to the atmosphere. Will the trees of the planet be sufficiently stimulated by the
ongoing rise in the air's CO, content to remove enough of it from the atmosphere to prevent a
significant CO,-induced warming of the globe? Our study provides important insight into this
question and may help our government and others craft appropriate policies to meet this global
environmental challenge. Inthe meantime, our findings continueto demonstrate that carbon dioxide
isan effective aerial fertilizer, significantly increasing the size, growth rate, and fruit production of
sour orange trees exposed to 75% more CO, than isnormally in the air.

FUTURE PLANS: We hope to continue the sour orange tree experiment for aslong asit takesto
determine whether or not the trees will truly achieve steady-state yearly growth rates that produce
a CO,-induced productivity enhancement that can reasonably be expected to remain essentially
constant over the remaining years of the trees' life span. We also are deeply involved in further
studies of the ultra-enhanced spring branch growth we have observed in the CO,-enriched trees.

COOPERATORS:

J.H. Hoober and H.-S. Park, Arizona State University, Departments of Botany, Tempe, Arizong;
R.C. Bdlling, Jr., Arizona State University, Department of Geography, Tempe, Arizona; C.E. Idso
and K.E. Idso, Center for the Study of Carbon Dioxide and Global Change; U.S. Department of
Energy, Atmospheric and Climate Research Division, Office of Health and Environmental Research.
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SIMPLE TECHNIQUES FOR CONDUCTING CO, ENRICHMENT AND
DEPLETION EXPERIMENTS ON AQUATIC AND TERRESTRIAL PLANTS
THE “POOR MAN'S BIOSPHERE”

S.B. ldso, Research Physicist

PROBLEM: In order to act in the best interests of the biosphere in the face of therising CO, content of
earth’ satmosphere, we need to determine the effects of atmospheric CO, enrichment on the growth habits
of as many different plants as possble, both sngly and in combination with competing plants and animals.
Also needed is a knowledge of how the ongoing rise in the air's CO, content may interact with
environmenta changes such as globd warming, more frequent and intense drought, and intensified sail,
water, and air pollution, so we can determine if the deleterious effects of these latter phenomena will be
ameliorated or exacerbated by the concurrent rise in atmospheric CO,. Consequently, in an attempt to
expand our research capabilities in this important area of science and to interest more young people in
pursuing careerstherein, thisproject has asitsgod the development of anumber of smpleand inexpendve
experimental techniques that will enable amost anyone to conduct significant research on a variety of
questions related to the role of atmospheric CO, variahility in ongoing and predicted globa environmenta
change.

APPROACH: Over the first three years of the project, a set of guidelines was developed for usng
inexpensve and readily available materids to construct experimenta growth chambers or “Poor Man's
Biospheres,” wherein CO, enrichment and depl etion studies of both aquatic and terrestria plants could be
conducted (Idso, 1997). In their most basic form, these enclosures consst of no more than smple
aquariums covered by thin sheets of clear polyethylene that are taped to their upper edges to isolate their
internd air spacesfrom theroom or outsdeair. Severd low-cogt, low-technology ways of cregting awide
range of atmospheric CO, concentrationswithin these enclosures aso weredeveloped. Some of the CO,
enrichment techniques utilizethe CO, that is continuoudy evolved by the oxidation of organic matter found
in common commercid potting soils, while others rely on the CO, that is exhded by the experimenter.
When CO, depletion is desired, the growth of the experimenta plants themsalves can be relied upon to
lower the CO, contents of the biogpheres internal atmospheres, as can the photosynthetic activity of
ancillary agd populations that often occur in watery habitats and that can beinduced to grow interrestrid
environments as well. For dl of these different Stuations, a set of smple procedures for measuring
biospheric airspace CO, concentration has been developed. This technique utilizes any of a number of
smple colorimetric CO, test kitsthat are sold in tropica fish stores throughout the world and that can be
readily obtained by ordering over theinternet (Idso, 1997).

To obtain hands-on experience in the technology transfer agpect of the Poor Man' s Biosphere Program,
outreach activitieswereinitiated three years ago with five eighth-grade biology classesat McKemy Middle
School in Tempe, Arizona, and with afifth-grade class a the SAt River Elementary School of the SAt River
Pima-Maricopalndian Community. Studentsat both schoolsinvestigated the effects of aimospheric CO,
enrichment and depletion on a common terrestria plant, Devil’s Ivy or Golden Pothos (Scindapsus
aureus), and a common emergent agquetic plant, Yelow Water Weed (Ludwigia peltoides), under two
differentlight intengties. New setsof sudentsat McKemy Middle School repeated the Pothos experiment



two years ago with some dight variations. Also, two honors biology classes at Tempe High School
conducted a massive twice-replicated study of the growth response of asubmerged aguatic macrophyte,
Corkscrew Vdlisneria(Vallisneriatortifolia), to threelevel s of amospheric CO, (ambient, half-ambient,
and twice-ambient) at three different water temperatures and two different light intensities, winning two
$10,000 firg-place awards in a state environmental science curriculum contest.

This past year, as part of itsenvironmenta science education activities, the Center for the Study of Carbon
Dioxide and Globa Change conducted an ambitious program of employing the poor man’s biosphere
technique in aset of experimentsthat it described on its website (www.co2science.org) and updated on
aweekly basis. Complete descriptions of these studies are now archived there for science teachers
throughout the world to access and utilize in their classrooms.

Inafurther extenson of the poor man’ s biosphere gpproach to conducting CO, enrichment and depletion
experiments, the technique was successfully used over the past two yearsin abasi ¢ science study designed
to explore the effects of atmospheric CO, enrichment and depletion on the production and distribution of
biomassin sour orange trees grown from seed in nutrient-poor sand. Thisexperiment, which lasted for 19
months, aso included the study of tissue nitrogen concentrations and leaf chlorophyll concentrations. It
revealed that even under conditions of extreme nutrient deficiency, therewas il as zable growth response
to CO,. Reativeto biomass at 336 ppmv, for example, biomass at 1257 ppmv was over twice as great
in leaves, four times greater in trunks and laterd roots, and nearly six times greater in tap roots.
Neverthel ess, these responses were only about half as great as those observed in sour orange trees of the
same age growing under non-limiting conditions of nutrient availability.

FINDINGS: The ample experimenta techniques developed in theinitia years of the program have been
found to work satisfactorily in actud classroom environments at dementary, middle, and high school levels.
They now have been demondtrated to have a place in basic research programs aswell. In addition, they
have found a home on the internet, where anyone with a computer and internet access can go to learn of
them.

INTERPRETATION: As the technology transfer aspects of the program are ill ongoing, find
conclusons have not yet been reached. However, dl indications are that the poor man’s biosphere
approach to amaospheric CO, enrichment and depletion experiments has the potentia to become a key
dement of environmenta science education curricula in the years ahead. It is dso beginning to show
promise as a basic research tool.

FUTURE PLANS: A mgor article describing the use of the poor man’s biosphere technique in abasc
research program has been prepared (Idso and Adamsen, 2000). A second mgor journd aticle
describing the use of the Poor Man's Biosphere Program in eementary, middle, and high schools will be
prepared inthe near future. Effortsto bring the program to state and national auidiences of scienceteachers
will continue viatheinternet in cooperation with educationa organi zationsthat have the capacity to provide
such services.
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QUANTITATIVE REMOTE SENSING APPROACHES FOR MONITORING AND
MANAGING AGRICULTURAL RESOURCES

MI1SSION

The ultimate god of this research is to use remote sensing technology to increase our understanding of
processes associated with environmenta variability and to provide resource managerswith information that
will assst them in making tactica and strategic management decisions on farms, rangelands, and natura
plant communities. Emphasswill be given to gpproaches that have potentia for operational gpplication,
and that also have a strong physica foundation based on quantitative measurements.
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IMAGE-BASED REMOTE SENSING FOR AGRICULTURAL MANAGEMENT -
PERSPECTIVES OF IMAGE PROVIDERS, RESEARCH SCIENTISTSAND USERS

M.S. Moran, Physicd Scientist

PROBL EM: Precison crop management (PCM) is an emerging agricultural management system using

information and technology to identify, andyze, and manage Ste-soil patia and tempord variability within

fiddsfor optimum profitability, sustainability, and protection of the environment. Many experts agree that

there is a good match between the information needs of PCM and the offerings of spatialy-distributed

information about crop and soil conditions provided by image-based remote sensing (RS). The question

remans “Can current RS technology meet the very stringent information
requirements of PCM?”

APPROACH: To answer better the posed question about remote sensing (RS) technology, | conducted
alimited survey of three groups (with number of contacts in parentheses): image providers (5), research
scientigts (5), and users (13). By my definitions, image providers are companies trying to make a profit
from sdling remote sensing image products for farm management; research scientists are people at
universtiesor government research | aboratories studying remote sensing science with the god of providing
dgorithms and modds for farm management; and users are people or corporations who have aready
purchased remote sensing image productsfor PCM. Representatives from each of the three groupswere
contacted by telephone and asked a series of questions related to remote sensing for PCM.  The results
of this limited survey provided an ingght into their experiences, attitudes, and expectations and provided
the foundation to answer the posed question.

FINDINGS: Measurement Accuracy Users agreed that an accuracy of 70-75% in the measurement of
most crop or soil conditions was sufficient to implement PCM and improve farm profitability. Thisisin
contrast withthegoal of many research scientiststo provide dgorithmsand mode swith 90-95% accuracy.

Furthermore, users were in agreement that the accuracy of the image product must be quantified through
aseries of documented experiments and further testing on their own farm. Indl cases, userswere willing
to provide their own test plots and pay for the image data in return for interpretation and analysis by a
scientis working with the image provider. All users in the survey were dready testing other new
technologies at their own expense.

Product Delivery The highest priority for al users and image providers was quick turnaround. Unlike
measurement accuracy for which users were willing to accept 70% accuracy, the users expected 100%
religbility in image delivery. The consensus of al users and image providers was that images must be
delivered within 24 hours, preferably within 12 hours.

LocationAccuracy The second highest priority for dl usersand image providerswas highly accurate geo-
regigration. For PCM, it is necessary to pinpoint the location of the anomalous crop or soil condition for
proper precison management and incluson in ageographic information system (GIS). Thiswasoneissue
for which users and image providers had largdly different expectations. The user accuracy requirements
of gpproximately 2 m are in contrast with the postiona accuracies (20-500 m) offered by some image




providers.

Revist Period Unlike the very redtrictive requirements for turnaround time (12-24 hours with 100%
reliability), users had more relaxed expectationsfor repeat coverage. Therequirementsranged from twice
per week for irrigation scheduling to biweekly for generd damage detection. All users agreed that when
the image products are more quantitative (that is, offering an accurate assessment of the cause of the
anomdy and suggesting a management activity) then the users would request more frequent repeat
coverage. Image providers working with aircraft-based sensors reported that they were Stretching their
personnel and equipment limitsto provide repeat passes on aweekly bass. Image providersworking with
satel lite-based sensors are confined by the orbital constraints and numbers of satdllites, and are often limited
to repesat passes every two weeks.

Management Unit Like positiona accuracy, the spatid resolution required for PCM depends upon the
management operation. There was a user consensus that it was economical to manage crop and soil units
with anomind sze of 10 m.

The user requirementsfor remotely sensed informationin PCM based on thislimited survey of users, image
providers, research scientists, and the literature are summarized in Table 1. The first three user
requirements trandate directly to sensor and algorithm specifications, where the vaue-added product
accuracy should be on the order of 75%, the turnaround time should be within 24 hours of acquisition, and
the geo-regidtration should be as accurate as possble (within 1 pixd). To trandate the latter two user
requirements (revist period and management unit) into sensor specifications, Moran (2000) accounted for
basi¢c sensor limitations and Site-gpecific atmospheric conditions.

Table1l. PCM user information requirements trandated to RS system specifications.

User Information Requirements System Specifications

Measurement Accuracy 70-75% Algorithm Accuracy 70-75%
Product Delivery <24 hours Turnaround Time <24 hours
Location Accuracy 2m Geo-registration Accuracy 1 pixe
Revisit Period 1 week Repeat Cycle 3 days
Management Unit 10-20m Pixd Sze 2-5m

Remotely-Sensed Product for PCM  The users contacted in this survey were confident and unanimousin
their description of the preferred image product:

(1) Users expected a color map product (hardcopy, or preferably digita) with “quantitative’ information
that could be used to make decisons, not smply identify anomaies. They wanted to know where the
anomaly was located, how large it was, and what had caused it.

(2) Users wanted persona help with image interpretation, in the form of person-to-person contact, a



relidble help line, or user-friendly software. Person-to-person contact was the preferred information
delivery method.

(3) Users expected the image provider (or research scientists) to do the product validation first, before
presenting it to the user for purchase. Userswere dl willing to conduct additiona yield tests on their own
farm, but they were not interested in high-risk ventures.

(4) Users wanted honest, reasonable marketing of the image product. All usersfelt that RS products had
been oversold, and that users had been promised much more than had ever been ddivered. Asareault,
users described themsalves as skepticd, reluctant, and distrustful.

Theimage providersinterviewed were aware of the users expectations. Four of fiveimage providerswere
offering “high end” products including maps of weeds, insect infestations, nutrient deficiency, water
deficiency and/or yield. The fifth image provider was providing only maps of anomalies; he hoped that
buyers, such as crop consultants or chemica deders, would process the high qudity image to sdl vaue-
added productsto farm managers. All image providerswere conducting product vaidation studiesto some
extent.

All image providers were struggling to provide help inimageinterpretation to the users. Some companies
were providing face-to-face on-farm interpretation at a great deal of expense, but with good success.
Other companies were putting Smilar expense into providing a useful and smple software interface that
could improve users image interpretation.  Findly, one company had a 24-hour help line to dlow users
to get persond information at any time.

Whenuserswere asked what caused them to continue purchasing RSimagesfor asecond (or third, fourth,
etc.) season, they al responded that it was profitability; that is, the imagery either improved yields or
reduced costs. Secondarily, it was because they had apersond interest in the technol ogy, and thought they
might benefit economically in the future. The factors cited by users who did not continue to purchase
imageswerelack of profitability, lack of timeand labor, and inability to use variablerate technology (VRT)
in response to image information. The image providers described the same story from a different
perspective. They dtated that they lost customers primarily due to weather and the economy, and
secondarily due to ingrument failures that prevented them from offering further overflights.

Role of Research Scientists Both users and image providers appreciated the studies of research scientists
working a universities and government laboratories. On the other hand, users would like to see more
research scientistisworking hand-in-hand with image providers because they fdt it provided more credence
to the company’ sagriculturd products. |mage providers suggested that research scientists should put more
effort into technology transfer to provethat their agorithms and model swere robust and operationa. The
research scientists interviewed for this review were dready working with commercial companies. Inthear
view, therole of research scientistsin promoting remote sensing for PCM wasto “ bepractica,” understand
the accuracy requirementsin adgorithm and mode development, and keep in mind that the usersand image
providers are interested primarily in profitability.




With these issues in mind, the role of research scientists in promoting RS for PCM could be improved
through greater interaction with the client (either the user or the image provider), including

C definition of the research program based on client needs (identified by the client) and participation of
clientsin the program operation;

C ownership of the system by the client (clients need to help assembling information and gpplying it);

C education of clientson the capabilities of remote sensing, and gradua implementation of the new program
(to alow the dlient to maintain an understanding of the new technology); and

C economic analysis to show clients the economic benefit of usng RS over traditiona gpproaches.
Furthermore, research scientists reported that universities and government laboratories were changing to
reward research scientigts for technology transfer and to encourage them to use a team approach and
involve clientsin program devel opment.

INTERPRETATION: Nealy 9% of the one-hdf million farmers growing corn in the U.S. used some
aspect of PCM for corn production in 1996 (representing nearly one-fifth of 1996 harvested corn acreage);
and, of these PCM users, 54% used tractor-mounted yield monitors to map field variability. These
numbers illudrate the large potentia market for remotely sensed agricultura information and the capacity
of farm managers to adopt new technology. Whether image-based RS technology isincluded in emerging
PCM systems will depend on the ability of commercid image providers, engineers, and research scientists
to meet the stringent PCM requirements for quantitative, vaidated information products. This will mean
improvements in product turnaround and image regigration, as well as successful launches of upcoming
commercid satdlite-based sensors with spatid resolutions of 2-5 m and/or further advances in arcraft-
based mounts and sensors. A srategy will have to be developed for independent validation of dgorithms
produced by research scientists and proprietary products produced by for-profit commercial companies
to satisfy the requirements of risk-adverse farm managers. The economics of RSfor PCM will haveto be
determined through well-designed experiments comparing profits obtained through conventiona and high-
technology management systems. Findly, an effort will have to be made to encourage a systematic,
triangular education of image providers, research scientists, and users through incluson of dl clientsin
program development and implementation.

FUTURE PLANS: Future work will be focused on addressing the research, development and policy
issues identified in the previous section.

COOPERATORS: This work would not have been possible without the honest insights provided by the
anonymous image providers, research scientists and users contacted in thislimited survey.

REFERENCES. Moran, M.S. (2000) Image-based remote sensing for agricultura management -
perspectives of image providers, research scientists and users, 2™ Intl. Conf. Geospatia Information in
Agric. and For. 10-12 Jan., Orlando, FL. (in press).




A NEW CANOPY CHLOROPHYLL CONTENT INDEX FOR COTTON
T.R. Clarke, Physical Scientist, and E. M. Barnes, Agricultural Engineer

PROBLEM: According to a recent meeting between commodity group representatives and
members of the remote sensing research community, one of the most important decisions a grower
must make is how to manage crop fertilizer inputsin order to assure agood yield while preventing
ground water contamination. Variablerate application technology has recently been devel oped, but
the technology for directing applications effectively isless mature. A means of rapidly assessing a
crop's fertilizer needs with sufficient frequency and spatial resolution is needed for this aspect of
precision agriculture to succeed.

APPROACH: A Canopy Chlorophyll Content Index (CCCIl) using reflectances from three
wavelengths of light was developed and field tested. Reflectance measurements of a cotton field
were made in the summer of 1999 using alinear move irrigation system that had been fitted with a
sensor platform and precision water and fertilizer application capabilities developed by The
University of ArizonaDepartment of Agricultural and Bioengineering. The sensor platform carried
a multi-spectral sensor developed at the U.S. Water Conservation Laboratory (USWCL) (1998
Annual Report) insuchamanner that a 1-meter resolutionimage of the 16 plot, 1-hectarefield could
be acquired in about 2 %2 hours. Images were acquired several times per week. The initial coarse
reflectanceswere produced using apainted reference panel attached to the central tower of thelinear
irrigation system, and sampled by the sensor every minute. Half of the plots received 50% of the
recommended nitrogen application, which was applied before planting and at three times during the
season. Theremaining plotsreceived thefull 200 |bs./acre recommended nitrogen. Half of the plots
also were subjected to periodic water stress, so that four replicates each of four different treatments
(full-water, full-nitrogen; full-water, half-nitrogen; low-water, full-nitrogen; and low-water, half-
nitrogen) were present.

FINDINGS: Preliminary findings show that the CCCI was able to clearly reveal the low nitrogen
plots even when a vegetation index showed no difference, as seen in figure 1. What is more, the
CCCI differences disappeared within a couple days of afertilizer application.

INTERPRETATION: Thesedataarestill intheearly stagesof analysis, but the coarse results seen
so far are very promising. If agood correlation is found between the CCCI and chlorophyll meter
and leaf petiole analyses, which were collected but are not yet available, the index could be
converted to a fertilizer recommendation. Hand-held sensors, sensors mounted on tractors, or
airborne cameras could then be used to provide spatial nutrient deficit information to variable rate
applicators.

FUTURE PLANS: The methodology used inthe CCCI iscurrently under review for patentability,
and therefore details cannot yet be released. Analysis of the 1999 data must be completed.
Specifically, the coarsereflectanceswill berefined using datafrom an up-looking sensor which were
collected during each measurement run. Animage processing program currently under devel opment
by The University of Arizona Department of Agricultural and Biosystems Engineering will then be
able to produce the 70 partial- and full-field images collected. Petiole analyses and SPAD



chlorophyll meter datawill be used to test the CCCI sensitivity. We plan to test theindex on other
crops, specifically vegetables and wheat, as the opportunity arises.

Figure 1. Image of the experimenta field acquired August 19, 1999. The left haf is an enhanced Normalized
Difference Vegetation Index, showing little variation among treatments. The right half of the figure is the recently
developed Canopy Chlorophyll Content Index (CCCI) of the samefield, the sameday. Low nitrogen plotsare outlined
in white.

COOPERATORS: Images were collected in cooperation with The University of Arizona Department of
Agricultural and Biosystems Engineering, funded through a grant from the Department of Energy's Idaho National
Engineering and Environmental Laboratory. Dr. Peter Waller and Dr. Christopher Choi were assisted by graduate
students Paul Colaizzi, Julio Haberland, and Michael Kostrzewski in the design and assembly of the precision
application and sensor platform systems. The linear move irrigation system was provided by Vamont. Dr. Tom
Thompson of The University of ArizonaDepartment of Soil, Water, and Environmental Sciencesdesigned the nitrogen
treatment experiment and his graduate student Emily Riley supplied ground truth data on nutrient status. The
experimental site, field operations, and management were provided by The University of ArizonaMaricopaAgricultural
Center, Dr. Robert Roth, director.



MULTISPECTRAL DATA FOR SOIL MAPPING:
OPPORTUNITIESAND LIMITATIONS

E.M. Barnes, Agricultural Engineer; M.G. Baker, Research Specialist; M.S. Moran and
T.R. Clarke, Physical Scientists; and P.J. Pinter, Jr., Research Biologist

PROBLEM: Soil maps derived from random or grid-based sampling schemes are often an
important part of precision crop management. Sampling and soil analysis to derive such maps
require alarge investment of both time and money. Aerial photos have been used as a soil mapping
aidfor years(e.g., Bushnell, 1932). Studieshave shown such an approach can be useful for defining
management units in precision farming (e.g., Thompson and Robert,1995), but these studies are
often limited to a single field, not an entire farming operation. The objective of this study was to
determine if multispectral airborne (green, red, near infrared, and thermal) and satellite (SPOT and
Landsat TM) data could be used to derive soil maps for a 770 haresearch and demonstration farm
in Maricopa, Arizona[Maricopa Agricultural Center (MAC)].

APPROACH: Soil dataused in thisstudy were collected by Post et al. (1988) from May 1984 until
January 1987. There were 303 sample locations in the fields considered in thisanalysis. For each
of these samples, textural fractions of sand, silt and clay were determined and the | ocation recorded
inaUTM coordinate system. Kriging techniqueswere used spatially to interpolatethe datato a2-m
grid. Individual gridsweregenerated for thesand, silt, and clay percentages. Thesethreegridswere
then used to derive atextural classification map of the farm (i.e., class of sandy loam, sandy clay
loam, or clay loam).

Three image data sources were considered in this study:

(1) multi-temporal, aerial-borne digitized video images acquired during the summer of 1994,
(2) aSPOT High Resolution Visible (HRV) image from April 9, 1989, and

(3) alLandsat Thematic Mapper (TM) image taken April 13, 1989.

The images were geometrically registered to the same coordinate system used to identify to the soil
sampling locations (UTM projection, NAD 27 datum). The airborne image was composed from
portions of 56 individual video frames, forming a single mosaic of the study area. Details on the
airborne data set are given by Moran et a. (1996). Both satellite images easily encompassed the
entire study area in a single image frame. Image data corresponding to the location of the soil
samples were extracted in a tabular format so that correlation coefficents could be calculated
between the soil textural percentages (sand, silt, clay) and the spectral bands.

Unsupervised classification was conducted on the images using the Iterative Self-Organizing Data
AnalysisTechnique (ISODATA) (Tou and Gonzalez, 1974). Thistechnique usesiteration to define
"clusters’ of datain multi-dimensional spectral space. A convolution filter was then applied to the
classified images to remove small, spatially discontinuous classes. The classification process was
conducted acrosstwo different spatial scales: classificationusing datafor theentirefarm (farm-level)
and classificationon afield-by-field basis(field-level). For thefarm-level classification, theresulting
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classes were then assigned to a soil class of sandy loam (SL), sandy clay loam (SCL), or clay loam
(CL) based on the spectral classes present in two fields that contained a wide range of soil
conditions. For thefield-level classification, soil datawithin each field were used to assign aspectral
classto asoil textura class.

FINDINGS: Correlation coefficients(r) between the Landsat spectral bandsand textural percentages
are shown in Table 1, using data for the entire study area. Results from the other sensor platforms

Table 1. Correlation coefficients between the percent sand, silt, or clay and the Landsat TM bands for
the entire area considered in the analysis.

Spectral Region
Blue Green Red NIR SWIR1 Therma SWIR2

Fysconct Ban 0.296 0380 0462 0493 0526 -0053 0572
Fyssit sare -0.268 -0.346 -0426 -0.466 -0502 0.001 -0.547
Fyclayond -0.309 -0.394 -0473 -0494 -0524 0094 -0.568

were very similar. With the exception of the thermal bands, all of the coefficients are significantly
different from zero (p = 0.05). Also note that r values tend to
increase in magnitude with increasing wavelength (excluding
thermal data) for all sensor systems. Additionally, sand is
positively correlated with reflectance, while sand and clay show
a negative correlation. While statistically significant, the pm
correlation coefficients indicate that typically less than 30 ‘
percent of the variation in any given band can be attributed to
differencesin soil texture.

Explanation for the remaining variation can be partially found by SSEN
viewing the gray scaleimagesin the near infrared (NIR) portion
of the spectrum from the airborne sensor in figure 1. The
numbers shown on the figure are field identifiers. Inthisfigure &
there are several differences in reflectance levels that are not |
related to soil texture. The two dark rectanglesin field 35 are |
duetoirrigation in progress. Thereisaso adistinct "corner in
the upper center portion of the field that is an artifact of the f___
individual frames used to create the image (also visiblein field
20). Field 37 appears consistantly brighter than field 36 which™ igure 1. Near infrared image
is an artifact of using different image dates in the mosaic and from the airborne sensor of the
different tillage conditions in both fields. Similar confounding study area. Note numbers are
factors aso were found in the SPOT and LandSat scenes, field identification numbers.
however, there were no moasicing problems in the satellite
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images asthe farm iscontained in asingle frame. Other interfering factors found during the course
of the analysis include row direction (north to south versus east to west), tillage condition (e.g.,
freshly tilled or rain compacted surface), and seed bed preparation (flat versus raised beds).

All of these factors aso impacted the results of the unsupervised classification procedures as
evidenced in Table 2, where none of the images were classified with accuracies much higher than
50 percent when the procedures were executed for the entire farm. However, there was a signficant
improvement when the classificaiton was conducted on afield-by-field basis(Table 2). Theincrease

Table 2. Accuracy assement results from the unsupervised spectral classification procedures.

Sensor System
Airborne SPOT Landsat
Classification Level Percent of points correctly classified.
Farm 51 50 48
Field 81 88 92

in accuracy can be attributed to the fact that surface conditions are much more consistant within a

field as they typically receive
= blllll
B Zandy Clay Loam
Clay Loam f— ‘ _

the same tillage practices at the
‘ same time. The results of the
field-by-field classification
from the airborne datais shown

37
53 22 2120 19 y% 23 221 20 19 infigure 2 (sSimilar resultswere
.+ obtained with Landsat and
SPOT). For comparison
purposes, the soil map based on
the kriging procedures is also
presented inthefigure. Overall
there is good agreement in the
majority of the spatial patterns
between the two methods.
Some of the sandy loam areas
that appear in field 30 on the
map derived from the airborne
data that are not in the kriged
map and can be attributed to
small grainresidueinthisfield.
The residue gives the soil a

a) Airborne data b)Interpolated soil samples

Figure 2. Soil map derived from the airborne data using
unsupervised classification on afield-by-field basis (a) and the
map derived from the kriging procedures (b).
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"brighter" appearence, which is also characteristic of soils with higher sand content at this site. It
was determined that the area percent classified differently from the kriged map were 30, 23, and 27
for the airborne, SPOT, and Landsat derived maps, respectively. More soil samples are needed to
determine if the differences between the image-derived maps and the kriged map are due to errors
in the kriged map or in the classified images for cases where there were no known confounding
factors. However, it is speculated that patterns derived from the images in fields with uniform soil
surfaces are more accurate than those from the interpolated data. Additionally, only 60 soil sample
locations were used in generating the image-based maps, while 303 locations were used for the
kriged map. Thenumber of pointsneeded for theimage-based method could have been substantially
reduced if the soil surface had been uniform across the farm.

INTERPRETATION: Many factors can impact asoil's apparent reflectance that are not related to
the soil's physical properties (e.g., tillage patterns, residue, row direction). Therefore, the use of
multispectral imagery is best suited for large fields that have a uniform soil surface at the time of
image acquisition. It isalso necessary that the soil property of interest exhibit a spectral response.
If such conditions are present, the number of soil samples needed to map soil properties can be
significantly decreased when compared to spatial interpolation techniques. In this study, a genera
trend was that high sand content was associated with higher reflectance levels; however, thisresult
was specific to the study site and it is not implied that such a spectral response will be true of soil
at other locations.

FUTURE PLANS:. A similar study is planned for 2000 where falow fields at MAC will be
cultivated just prior toimage acquistion so thefieldswill havesimilar surface conditions. Itishoped
that imagery will be available from one of the satellites recently launched cables of providing 4-m
gpatia resolution datain the NIR, red, and green spectral regions.

REFERENCES:
Bushnell, T.M. 1932. A new technique in soil mapping. American Soil Survey Association Bulletin 13:74-81.

Moran, SM.; Clarke, T.R.; Qi, J.; and Pinter, Jr., P.J. 1996. MADMAC: A test of multispectral airborne imagery as
afarm management tool. In Proc. of the 26th Symposium on Remote Sens. Environ., March 25-29, Vancouver, BC.
pp. 612-617.

Post, D.F., Mack, C.; Camp, P.D.; and Suliman, A.S. 1988. Mapping and characterization of the soilsonthe University
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Southwest, Arizona-Nevada Academy of Science 18:49-60.

Thompson, W.H., and Robert, P.C. 1995. Evaluation of mapping strategies for variable rate applications. In
Site-Specific Management for Agricultural Systems, P.C. Robert, R.H. Rust, and W.E. Larson,editors.
ASA-CSSA-SSSA, 677 S. Segoe Rd., Madison, W1 53711. pp. 303-323.
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DEVELOPMENT OF A MODELING AND SENSOR SYSTEM TO PROVIDE
INFORMATION FOR PRECISION CROP MANAGEMENT

E.M. Barnes and D.J. Hunsaker, Agricultural Engineers,
T.R. Clarke and M.S. Moran, Physical Scientists;
Stacy Richards, Research Lab Assistant; and P.J. Pinter, Jr., Research Biologist;

PROBLEM: Precision farm management requires timely, georeferenced information on crop and
soil conditions. In this management system, the crop isgiven what it needs based on the current soil
and environmental conditions so that economic return (not necessarily yield) is optimized. Cost
efficient methods to provide this information are lacking at the present time. The objective of this
project is to provide the tools needed economically to manage crop inputs at a very fine scale
(potentially as small as1 m).

APPROACH: To provide real-time management information, a combined sensor- and modeling-
based approach has been under development. This project is part of acooperative study, primarily
funded by the Idaho Nationa Environmental and Engineering Laboratory (INEEL). TheU.S. Water
Conservation Laboratory is providing the expertise on the remote sensing components of the study
and assisting in the execution of field experimentsto collect the dataneeded to validate and devel op
the system. TheUniversity of Arizonaisworking on the hardware design of acarriagefor the sensor
and devel oping techniques to provide an interface between the remotely-sensed data and an energy
and water balance model called ENWATBAL (Lascano and van Bavel, 1987). Texas A&M
University is providing the expertise on ENWATBAL and conducting a concurrent experiment in
Texas. The project alsoisenhanced by the participation of two private companies, Vamont, which
is providing a linear move irrigation system for the project, and CDS Ag. Industries, which is
providing an injection pump.

The project began in 1998 with cotton and barley field experiments during which agronomic and
hand-held radiometer datawerecollected. These datawereused to beginformulation of quantitative
relationships between spectral response and crop condition (see Barnes et al., 1998). Concurrent
with these experiments, construction proceeded on a system to alow the linear move irrigation
system to serveasaremote sensing platform named Agricultural | rrigation I maging System (AgllS,
i.e, “Ag Eyes’). AgllSwascompleted in time for the 1999 cotton season and was able to provide
images in the red, green, red-edge, near infrared (NIR), and thermal portions of the spectrum.
Various components of the hardware aspects of the system are under consideration for patents by
The University of Arizona and so a detailed description is not possible at present. During the
growing season, the AgllS was used to obtain images at a minimum of weekly intervals, with as
many as three images per week during the period of rapid crop development.

A Latin square experimental design was used during the 1999 cotton season with four treatments:

(2) control (WN, optimal conditions); (2) low nitrogen (Wn, 50% optima plant requirements); (3)
low water (WN, decreased irrigation frequency, allowing the plants to become water stressed three

118

Ss9.1601d Ul YJIoM 110doy Yo 1easay [enuuy 1DMSN 666T

XXX XXX

"Juasu09 Jolid 1noyrmateaijdnp jou oQ



times during the season); and (4) low water
and low nitrogen (wn). A diagram of the
treatment layout is provided in figure 1.

1:WN 2:Wn 3:wN 4:wn %

Soil moisture levels were monitored in
every plot using a neutron probe at a
5-wN 6:-wn 7-WN 8-Wn minimum of weekly intervals (2 access
tubes per plot). Additionally, two plots
were heavily instrumented with TDR
probesin 4 locations at 4 depths (5, 10, 15
9:Wn 10:wN [[11:wN 12:WN and 20 cm). The probes were used to
determinethe soil surface moisture content
at hourly interval s using an automated data
acquisition system. Stem flow gages also

Bown | [14:WN |f15:Wn | [16:wN || 22 were added to these plots to measure the
cotton'sdaily transpirationrate. Theplants
22m were sampled weekly for nitrate status,

Figure 1. Plot numbers and treatment codes for the 1999 cotton  |eaf area index (LAl), leaf, stem, and boll
experiment (see text for an explanation of the treatment codes). dry weights, plant height, and percent

canopy Cover.

z

FINDINGS: Anaysis of al of the data collected during the experiments are still in process,
however, initial results are encouraging. Figure 2 (color appendix) provides acomparison of atrue
color photograph of the field taken from a helicopter on October 1, 1999, and images from AGIIS
acquired four days prior to the flight. The photograph was scanned at an approximate spatial
resolution of 10 cm and AglIS provides 1 m resolution. By this time in the season, most of the low
nitrogen and water plots showed some signs of decreased leaf area. In the images, a higher canopy
density isevident by intenser shades of green in the photograph (Fig. 2a) and intenser shades of red
in thefalse color composite (Fig. 2b). Note that the spatial patternsin these two imagesare similar.
The other imagesin figure 2 provide asampl e of the different spectral regionsavailablefrom AglIS.
The visibile and NIR gray scale images (Fig. 2 ¢ - f) were contrast stretched so that the minimum
reflectance corresponded to black and maximum reflectance to white. The thermal band (Fig. 29g)
represents the coolest condition as black and warmest aswhite. Theratio vegetation index (RVI =
NIR/Red) has a color map applied so that low values are red and high values are green.

The ability to obtain images of afield is useful only if the images can be related to management
information. To demonstrate the potential information from the system, figure 3 (color appendix)
providestwo false color compositeimagesfrom AgllSon August 19. Thisday was selected because
the low nitrogen treatments were established and the high water plots were irrigated three days
earlier, but the low water plots were not. In the standard color infrared image of figure 2a, most of
the color patternsin theimage are related to variations in canopy density (brighter red corresponds
to adenser canopy); and there are no distinct signs of the experimental treatments. However, many
of the color pattens in figure 2b can be related to the treatments. In this figure, the canopy
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chlorophyll content index (CCCI) is displayed red (Clarke and Barnes, “ A new canopy chlorophyl
content index for cotton”, this report), which can be related to crop nitrogen status in this
experiment. The ratio vegetation index (RVI = NIR/red) is displayed as green, and the crop water
stressindex (CWS)) (Idso et ., 1981) displayed asthe blue band. Therefore, the control plots (WN)
appear green as CCCl and CWSI are low under non-stressed conditions and RV is higher for high
canopy densities. A magjority of the low nitrogen plots have a orange tint (higher CCCI values),
whilethelow water plots have abluetint (higher CWSI values). Plot 13 (lower left corner, wn) has
astrong pink tint, as this plot had alow canopy density. The ability to distinguish between canopy
density and two crop stresses demonstrates the progress being made in this study to extract more
exact information about crop status than has been possible in the past.

INTERPRETATION: The system under development will provide farmers and agricultural
consultants with a simple, cost effective data source to map spatial variations in crop water and
nitrogen levels. These datawill have the potentia to serve as an integral part of a decision support
system for precision crop management.

FUTURE PLANS: Work will continueto integrate the sensor information with simulation models
to provide decision support in water and nitrogen management. Related studies will begin during
the 1999-2000 growing season using AgllS to determine the feasibility of remote sensing and
modeling technologies to provide information relevant to quality management in broccoli.

COOPERATORS: Peter Waller, Chris Choi, Mark Riley, Tom Thompson, Paul Colaizzi, Julio Haberland, Mike
Kostrzewski, and Emily Riley, University of Arizona, Tucson AZ; Robert Lascano and Hong Li, Texas A&M
University, Lubbock TX; Jack Slater, INEEL, Idaho Falls1D; Jim Phene, Vamont Industries, Valley, NB; Jim Stubbs,
CDS Ag Industries, Chino CA.
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Figure 2. Comparison of atrue color photograph (a) acquired October 1 to images from AgllS acquired September

27. Thefalse color compositeis adisplay of the NIR image (near infrared, d) asred, the red image (c) as green, and
the green image (d) asred. RVI istheratio of NIR to red.

Figure 3. A standard color infrared image (a)
similar to fig. 2b and an “indices” fase color
compositeimage (b) fromAgllSon August 19.
Treatment codes have been overlaid on the
indicesimage. Inb, CCCI isdisplayed asred,
RVI as green and CWS| as blue.

2) NIR, Red, Greenfalse  b) CCCI, RVI, CWSI false
color composite color composite
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DETERMINING CROP WATER STRESSFROM CROP TEMPERATURE
VARIABILITY

R.B. Bryant, Physical Science Technician; M.S. Moran and T.R. Clarke, Physica Scientists;
and P.J. Pinter Jr., Research Biologist

PROBL EM: Detection of plant water statusisof primary importancefor efficient and economicirrigation
scheduling. Thermd infrared datain the wavel ength band 8-13 um have been found to be particularly well
suited for crop water stress detection. Two of the most commonly used thermd indices for irrigation
scheduling are the crop water stressindex (CWS) (Jackson et d, 1981) and the therma kinetic window
(TKW) (Burkeet d, 1988). Thesephysicd indicesare based on acomparison of the canopy temperature
with the air temperature (in the case of CWS) or the optimal temperature of a given crop (in the case of
TKW). For bothindices, it is necessary to convert the digita number (dn) recorded by the optica sensor
to “true’ or kinetic crop temperature (T ), which is defined as the temperature measured with an accurate
in situthermometer in good contact with thecrop. Thisconverson requiresthat thearborne optical sensor
be calibrated (to convert dn to at-sensor radiometric temperature Tg!), the amospheric attenuation of the
sensor Sgnd be known (to convert Tg! to surface radiometric temperature Tg), and the surface emissvity
be known (to convert T; to Tx). More often than not, airborne sensors are not cdibrated; there is no
information on atmospheric scattering and absorption; and there is only a rough estimate of surface
emissvity.

APPROACH: The approach proposed here is based on the assumption that a crop with full cover and
adequate water should disolay a normd digtribution of thermd dn’s. Since the therma image data of a
well-watered crop tends toward a fixed value (the mid-range of its therma kinetic window), it can be
assumed that the datawill be normally distributed if there are no other factorsaffecting the variability of the
data (e.g., abare spot in thefidd). Presumably, the further adataset of crop temperatures deviatesfrom
a normal distribution, the greater will be the plant water stress in the field.  This is because, as water
conditions for photasynthesi s become sub-optimal, soil properties and genetic propertiesof individud plants
will begin to influence the ability of the plant to stay within its thermd kinetic window.

We used thistheory to derive anindex based on the deviation of theshape of ahistogram of theimage data
from the shape of anormaly distributed histogram generated from the variance and mean of the thermd
image data. In order to make the shape of each histogram comparable across different images regardless
of standard deviation, the y axis of each histogram (i.e., the frequency for image data histogram and
digtribution for the generated histogram) was converted to a normaized frequency (f,,) and adistribution
(dist,) ranging from O to 1, where f,, = (frequency - minimum frequency) / (maximum frequency - minimum
frequency), and dist,, = (digtribution - minimum digtribution) /

(- maximum digtribution - minimum digtribution), thus alowing comparison of curve shape rather than dn
disribution. To compute the Histogram-derived Crop Water Stress Index (HCWS!), we summed

AN
HCWS = § abg(f, - dist). o

i=dnin



the absolute difference between f,, and dist,, for each dn, where dn,;, and dn,,,, ae the minimum and
maximum vaues of dn intheimage. Graphicaly, HCWS isthe arearepresented by the shaded zonesin
figure 1.

According to our theory, a recently irrigated fidld would have a rdativey uniform thermd profile which
would result in a hisogram that was close to normd. A purely normd curve would have an index of 0.0
S0 arecently irrigated field would have alow HCWSI number. If the samefield wereto experience water
stress, then the thermd profilewould exhibit more heterogeneity and itshistogram would deviate more from
amathematicaly normd curve. ItsHCWS should be higher than the HCWS cdculated from arecently
irrigated fidd.

Figure 1. Example of a histogram from athermal image of a well-watered crop (left) and a water-stressed crop (right),
where the x-axisisimagedn and the y-axisis normalized frequency and distribution. Thejagged lineis actual dataand
the smooth line is a mathematically normal histogram generated from the variance and mean of actual data. The
integration of the gray areaisthe HCWS!.

FINDINGS: The images used in this andyss were from overflights of The Universty of Arizonds
Maricopa Agriculture Research Center during the summer of 1994 as part of the Multi Spectra Airborne
Demondiration at Maricopa Agricultural Center (MADMAC) (Moran et d., 1996). We chose three
production cotton fields with 100% vegetation cover for demonstration of HCWS. Fied 31 wasUpland
Cotton (Gossypium hirsutum L.) and Fidds 33 and 34 were planted with Pima Cotton (Gossypium
barbadense). The soil at the east end of Field 33 (Border 2) was substantialy more sandy than that of dl
other field borders. We extracted datafor three irrigation bordersin three fidds from the therma images
with asze of 75x75 pixels which corresponded to ground dimensions of 150 x 150 meters. A histogram
of each border was generated on each date using thedn range number (dn,,,,-dn,in) for the number of bins
and f,, values 0-1 dong the y-axis. Next, the variance and mean of each extracted data set were used to
generate a histogramwith amathematicaly normal digtribution. Using Eq. (1), the HCWS was generated
for each tempordly different image of each border resulting in a seasond time series of HCWS for each
field border (Fig. 2).

Since the fields we analyzed were production crops which were regularly irrigated, the plants should not
have been subjected to severe or prolonged water stress during the season. Field notes taken during the



time of overflight indicated wilted plantsin Fieds 33 (Borders 3 ,4) and 34 (Border 2) only on one of the
gx datesandyzed, DOY 193. The HCWSI onthat day for Fields 33 and 34 tended to be higher than the
other dates for analyzed.

Irrigation occurred on DOY 199; and, according to the HCWS, all bordersin Field 34 recovered by the
time of the next overflight on DOY 202. Plantsin Field 33 apparently recovered more dowly. In fact,
Border 2 retained a higher HCWS for the rest of the season. This border was considerably more sandy
than Borders 3 and 4, so there was a possibility that even when it was well irrigated the plants were il
dressed and the thermd profile was till not normally sheped. This hypothesiswas supported by the fact
that Border 2 on DOY 235 4till had ardatively high HCWSI (4.1) only two days after irrigation. It dso
had the highest HCWSI of dl the borders on DOY 193 (10.6) so there is a possbility that permanent
damage to the crop had occurred.

The HCWSI of Border 3 in Field 33 was highest on DOY 193 when lesf wilting was recorded inthefield
notes. According to subsequent HCWS vaues, it took severa weeksfor the plantsto recover completely
from the severe wilting on DOY 193. That is HCWS vaues were gill somewhat high (3.7 and 3.9 on
DOY's 202 and 214), and findly reached alow HCWSI vdue of 1.2 on DOY 235.

Pants in Field 31 exhibited very little stress according to the HCWSI. Borders 3 and 4 on DOY 193
showed devated numbers of HCWSI=3.2. We ingpected the images and found that these borders had
a north/south line of elevated dn probably due to irrigation problems. The only other border with a
noticeably increased index was Border 2 on DOY 214. This dso may have been due to irrigation
problems.

INTERPRETATION: TheHCWS isacrop stressindex based on within-field therma variability which
circumvents the need for ancillary meteorological data, complex atmospheric measurements, and
knowledge of surfaceemissvity. Prdiminary resultsfrom thisstudy indicate that the HCWS was sengtive
to both early and chronic crop stress, and to irrigation non uniformity (e.g., skipped or partialy irrigated
fidds).

FUTUREPLANS: Thisstudy was congtrained by the fact that we had only quditative field notes and no
direct information on the water needs of the crop at the time of the overflights. Irrigation schedules and
weather conditions were known, but this was not enough information to estimate the water needs of each
border. Also, thisstudy considered only fieldswith full-cover cotton canopy. Itisnot knownif other crops
and other fidd conditions, such as partid canopy closure, high winds, and nitrogen dtress, affect the
HWCSI to make it less effective as a generd index for crop water stress. Another study should be
conducted in which quantitative information on crop water stress is obtained at the same time as the
acquidition of the therma images.

COOPERATORS: Dr. Jiaguo Qi, Michigan State University, East Lansing, Michigan.
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COMBINING SATELLITEIMAGERY WITH PLANT GROWTH AND SOIL WATER
MODELLING FOR MULTI-YEAR SIMULATION OF GRASSLAND CARBON AND
WATER BUDGET

Y .P. Nouvellon, Research Associate; M.S. Moran, Physical Scientist;
and R.B. Bryant and W. Ni, Biological Science Technicians

PROBLEM: Vegetation and soil functioning models have the ability to describe meaningful
management processes and variables such as plant growth, crop yield, and soil water budget.
Although model performance and accuracy have been continuously improved over the past few
years, therearestill few operational applicationsinagriculture, forestry, and rangel and management.
In most cases modeling operational applications has been hampered by our inability to provide a
gpatial distribution of the complete set of required model input parameters. This explains the
growing interest in developing methodologies to incorporate remote sensing information in
vegetation functioning models. In this work, we refined a Soil-V egetation-Atmosphere-Transfer
(SVAT) model to work on a spatially-distributed basis, continuously over multi-year periods, over
asemi-arid grassland watershed, the Wal nut-Gul ch Experimental Watershed (WGEW) in Southeast
Arizona, (Moran et al., 2000; Nouvellon et al., 2000).

APPROACH: The SVAT model used in this study (Nouvellon et a., 1999a, and Fig. 1) isdriven
by standard daily meteorological data and simulates the biomass dynamics of green shoots, dead
shoots, and living roots on a daily basis (plant growth submodel). Plant transpiration, soil
evaporation and soil water fluxes also are simulated in a water budget submodel.

The main processes simulated in the

pl ant grOWth SmeOdel are ‘ Plant growth submodel ‘ | Water budget submodel ‘
photosynthesis, photosynthate ‘

partltl Oni ng between aen al and bel Oow- Gross photosynthesis e ;-q Trangpiration
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the regrowth period, respiration, and respirdiion  Tespirption Evaporation  Precipitation
senescence. The water balance Dead Living Allocation 1
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canopy evapotranspiration model L e _ o

where the soil profile is divided iNt0 | production  respiraion | {meslocation "y

three layers. The man processes * |
simulated arethewater infiltrationand Senescence | Living ‘1, Pecolation
percolation in the soil profile, the e | l‘
evaporation from the soil and from the St Root |
sparse grass canopy (using the Maimerance l extraction 1 drainage

Penman-Monteith equation), the
canopy stomatal control, and the root Figure 1: Schematic representation of the plant growth and water
water uptake in each soil layer. budget models.



The SVAT model was combined with a physically-based Radiative Transfer Model RTM [the
Markov Chain of Canopy Reflectance (MCCR) model (Kuusk, 1995)] through the green Plant Area
Index (PAl) ssmulated by the plant growth model. The MCCR model accounts for the non-random
pattern of leaf distribution through the incorporation of a Markov model for gap fractions
computation. The parameters of the Markov model and those used to describe the Leaf and Stem
angledistribution (LSAD) were derived from extensive measurements of canopy structure and gap
fraction on various sites in Northern Mexico and Southeast Arizona (Nouvellon et al., 1999b).

Landsat Thematic Mapper (TM) images obtained during the summer growing seasons of ten
consecutive years (1990-1999) were used to calibrate the SVAT model. The SVAT model was
applied over the grassland areas of the WGEW (selected using adigital vegetation map), using soil
texture parameters provided by a digital soil map and daily meteorological data measured at the
Kendall site from June 1990 through August 1999 (Fig. 2). At each satellite overpass, NDVI were
simulated by the combined SVAT-RTM (in the same sun/view zenith angles configuration as the
corresponding measurements) and comparedto NDV | cal culated from refl ectances measured by TM
sensor and corrected for atmospheric effects. Spatially unknown initial conditions and parameters
were estimated using an iterative procedure based on the simplex method that minimizes the
difference between simulated

and measured NDVI. sE = e
Parameters and initial Corections for atmospheric effects >
conditions chosen to be re- AALRERE
parameterized / re-initidized  smisenow: M 10T
weresuchthat (1) themodelis & @ L ‘ :

hlghly %ns“ve to thern’ (2) i : | Reflectance model I“ RT rnodel Parameters
they are spatially variable, and | |

(3) they are difficult to obtain 1

by direct measurement at the =
1

regiona scale. Following a
(Pammetes | Vegetation Functioning and

sensitivity analysisand taking -, L |
into account the abovecriteria, ‘

initial  living root biomass |
(BR,,;) and maximum light use
efficiency (agmax) were selected Figure 2: Synoptic view of the approach used to refine the plant growth/ soil

to be initialized and \aer hudget modet to work on aspatially distributed basis using time series of
parameterized respectively. Landsat TM images.

re-{nitiatization

Meteorological data ‘

FINDINGS: Biomass measurements obtained at the Kendall site from 1990 to 1992 were used to
evaluate model results obtained without calibration and with calibration using TM images. Daily
simulations of biomass obtained for the Kendall site for the ten-year period using two a-priori sets
of possible values of ¢,,,, and BR;; were compared to aboveground biomass measured from 1990
to 1992 (Fig 3). Reflectances and NDVI simulated by the combined SVAT-RTM for these two a
priori parameter sets also were compared to TM-derived red and NIR reflectancesand NDVI (mean
values of reflectance and NDV I of the pixelsthat includesthe Kendall site). Thefirst set of a-priori



values of ¢, and BR,, resulted in overestimation of measured aboveground biomass (RM SE of
20.0 g m?) and NDVI (RMSE of 0.065). Underestimation of biomass and NDV| resulted from the
second set (RMSE of 18.8 g m? and 0.068, respectively). These results demonstrate the model
sengitivity to g, and BR;,; and stress the importance of mode! calibration. They also show that
SVAT errors due to uncertain values of g, and BR,, strongly propagate in the RTM resulting in
ahigh sensitivity of NDVI to model errors.
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Figure3: Simulation results obtained using two a-priori sets of reasonableval ues of e, and BR;;. Inthetop-left graph,
solid circleswith error bars show aboveground biomass measurements. |n the bottom-left graph, the horizontal broken
line show the value of root biomass measured by Cox et a. (1986) in August 1983. The RM SE associated to each set
of parameters are indicated on the graphs.

e 0T T

AT, (A
&

e
'E. " [14-4 1] 111 1681 1554 158 IEER k7 1680 Tk _
B 1 A LT
! _r,__-."ﬂ""ﬂ'.ﬂ|'|'| I""|_-?:'l| :‘"H-' "’l.“'_"'f"‘—' | -..-
Besl W - 1 -
0 - -
a ; . [ 43 a0
| 1 i i &
g 1 .'1 I i ! )
E T ! ' f ! | | ) T T ]
| 'F IR o | . Vit R
o B ] Li bt | ! It
£ il '-..-ﬂl"t..f o TR MLATRRP I P | bbb | L f ¥ & Frat g .
- F ] ] ] i [ Wil = . ;
Cag numbe E”'
& pjf
4 "
well
M
1] 2L
i o] i)
g - B B4} reEfmEn -
] - -
e N | ol o Sy bk ¥ " B
4 e = | E- &
soni  1sani Eml 1msal sedi ieww qmesl 1mari msal mas i
% ';'. 1 ) .?.'.: ﬂ'..: JFI0 -'.? ".‘-
g numibar Manyy md

Figure 4: Simulation results
obtained on the Kendall site
after model calibration using
TM images. The retrieved
values of g, and BR,, are
indicated onthefigure. Inthe
top-left graph, solid circles
with error bars show
aboveground biomass
measurements. Inthebottom-
left graph, the horizonta
broken line shows the value
of root biomass measured by
Cox et al. (1986).



Figure 4 presents the simulation results obtained after model calibration using the procedure that
minimizes the difference between simulated and measured NDVI. The results show that, after
calibration, simulated aboveground biomass was in good agreement with measurements and with
an RMSE of only 11.7 gm™. Over theten-year period no datawere availableto validate root biomass
simulations, but simulated values during the August months of years 1990, 1992, 1996, and 1998
were similar to the value measured by Cox et al. (1986) in August 1983.

INTERPRETATION: Inthisstudy, acoupled SYAT-RTM wasrunon aspatially distributed basis
with assimilation of aten-year time series of Landsat TM data. It was shown that satellite derived
NDVI could be used to control the simulation of the coupled model through a calibration procedure
which gives the estimation of two spatially variable initial conditions and model parameters. The
results obtained suggest that the
approach using both modeling and
remote sensing may prove more
useful in grassland management
than either of them used alone. It
also can provide spatially-
distributed information about
vegetation [e.g., maps of biomass
obtained at a daily time step (Fig.
5)] and soil conditions for day-to-
day grassand management.

Figure5: Map of simulated above-ground biomass (DOY 249, year 1992)
on grassland areas of the WGEW.

FUTURE PLANS: We are currently initiating several works in order (1) to incorporate a runoff
model in the grassland model; (2) to test more robust and faster calibration procedures; (3) to use
both optical thermal and microwave remote sensing data; and (4) to address the problem of how
meteorological data obtained at discrete locations can be used on a spatially distributed basis.
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SPECTRAL REFLECTANCE PROPERTIES OF INSECT TRAPS

P.J. Pinter, Jr., Research Biologist; S.M. Gerszewski, Biological Technician,
C.C. Chu, Research Entomol ogist; and T.J. Henneberry, Research Biologist

PROBLEM: A passive insect trap was recently developed for monitoring populations of silverleaf
whiteflies (Bemesia argentifolii Bellows and Perring) and other insectsin cotton and other field crops
(Chu et al. 1998). Called the CC Trap after the initials of its inventor, C. C. Chu, the design of this
new trap was based on insect behavior, primarily the attraction of insectsto certain colors. No sticky
materials, pheromones, or baits are used in its operation. From 1996 through 1999, scientists tested
thetrap efficiency in catching insectsin the United States, India, and the People' s Republic of China
The purpose of the U.S. Water Conservation Laboratory’s involvement was to characterize the
spectral properties of varioudly colored trap bases and relate the findings to trap performance.

APPROACH: The CC insect trap consists of aclear plastic trap top
to admit light for insect orientation into the trap, a deflector plate to
reduce escape of trapped insects, and a colored trap base that has an
opening for insect entrance (Fig. 1). Ninedifferent trap base colors
were studied. These are described in the Monsanto Plastic (1993)
color chart as white, rum, red, yellow, lime green, spring green,
woodland green (dark green), true blue, and black.

A Persona Spectrometer 11 (PSII, Anaytical Spectral Devices, Inc.,
Boulder, Colorado) was used to obtain spectral datafrom trap bases
that were illuminated by midday, direct beam sunlight and diffuse
sky irradiance. The spectroradiometer has a nominal 350 to 1050
nm spectra response, 1.4 nm sampling interval and approximately 3
nm spectral resolution. Fiber optics on the PSII were equipped with Figurel. The CC insect trap.
10° field-of-view foreoptics. Measurements were made with the

optics oriented norma (perpendicular) to the outside surface of the

trap base. Reflectance factors were computed as the ratio of directiona radiances of the trap base to
irradiances estimated from frequent measurements over a calibrated BaSO, reference panel.
Reflectance of the abaxial (under) surface of field-grown cotton leaves was used as a reference for
comparison with colored trap bases.

FINDINGS: The differently colored plastic traps had spectra reflectance characteristics which
varied considerably acrossthe visible (400 to 700 nm) and near-infrared (700 to 1050 nm) portions of
the spectrum. The different spectral shapes could be roughly associated with trap efficacy. We
observed, for example, that the three most attractive trap colors for whiteflies and leafhoppers (lime
green, spring green, and yellow in Fig. 2) had reflectances that were relatively low in the blue (400 to
460 nm) and higher in the green, yellow, and orange spectral regions (490 to 600 nm). It isrelevant
to note that the abaxia surfaces of green cotton leaves (also showninfig. 2) have asmall peak at 550
nm that was spectrally similar to the prominent 520 nm peaks measured on the lime green and spring
green trap bases. Green cotton leaves adso had low blue and red reflectances as well as high NIR
reflectances. Thus the lime green and spring green trap bases seemed to mimic green leaves in an
abstract sense. The lime green and spring green colored traps differed considerably from the yellow

USWater Cons. Lab. p. 1



colored plastic trap and the
commercially available, yellow
cardboard sticky trap (not shown in
figures) by having relatively low
reflectancesin both the red (600 to 700
nm) and red to NIR transition (700 to
740 nm) spectra regions. The yellow
trap base had low bluereflectance, and,
although lacking a pesk in the green
region (500-550 nm), displayed overal
high reflectances beginning at 580 nm
and continuing upwards into the NIR
region. We found that the least
attractive trap colors for whiteflies and
leafhoppers (Fig. 3) had either very
low reflectance at all wavelengths (eg.,
black and dak green) or had
moderately high reflectancein the blue
(400 to 480 nm; e.g., true blue trap) or
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Figure 2. Spectral properties of CC trap base colors yellow, lime
green, spring green, and white in reference to the abaxial surface

of acotton leaf.
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Figure 3. Spectral reflectance of CC trap base colorstrue blue,

rum, dark green, black, and red.

red regions of the spectrum (600 to 700
nm, eg. red trap).

INTERPRETATION: The
reflectance factors that we measured
from the most attractive trap base
colors (lime green, spring green, and
yellow) for the silverleaf whitefly and
leafhoppers were somewhat similar to
the spectral properties of healthy green
cotton leaves (i.e., low reflectance in
the blue, high NIR reflectance).
Spectral properties of leaves and
canopies vary with age and
environmental conditions, and thismay
ater the time course of plant
attractiveness to insects that use color
cluesin selecting host plants. We have
observed, for example, that as cotton
becomes nutrient stressed the
green/yellow-green peak tends to
become amplified dightly compared
with the red (data not shown) although

it never becomes as exaggerated as that observed in the lime and spring green traps.

In a previous, unpublished study (Pinter, 1994), we examined the high resolution spectral properties
of cotton leaves coated with honeydew produced by actively feeding silverleaf whiteflies. Wefound
that the honeydew caused higher reflectancein both the visible and NIR wavelengths. However, the

USWater Cons. Lab. p. 2



increases were much greater in the blue and red regions than in either the green or NIR. The
honeydew varnish aso acted like aspectrally selective mirror so that thiseffect was accentuated when
the leaves were viewed in the forward scattering direction (i.e., so that some sun glint could be seen
ontheleaf surface). Such changesin leaf spectra propertiesmay “signal” the presence of high larva
densitiesto migrating adult whiteflies enabling them to avoid areas where resources are aready being
exploited. Further examination of links between trap performance and spectra deterrents or
attractants could lead to improved traps having different construction materials or colors and could
improve our basic understanding of insect migration and colonization behavior. Additional research
also may provide insight on why some insects are attracted to plants experiencing water or nutrient
stress and why some crop cultivars seem more attractive to certain insects.

FUTURE PLANS: A manuscript on the spectra properties and efficacy of the CC Trap has been
prepared and submitted (Chu et al.).

COOPERATORS: Ka Umeda, University of Arizona, Maricopa County Extension Service, Phoenix, Arizona.
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GERMPLASM IMPROVEMENT AND AGRONOMIC DEVELOPMENT OF NEW
ALTERNATIVE INDUSTRIAL CROPS

MI1SSION

To acquire and characterize germplasm of guayule, lesquerella, vernonia, and other promising new,
dternative crops. To evauate and enhance germplasm of new crops for indudtrid raw materials. To
develop knowledge of flord biology and seed production and plant responses to stresses. To develop
economical, cultural and seed production systems for new crops under various conditions. To develop
methods for efficient guayule latex extraction and seed oil anadlyses for characterizing latex, resin, and oil
properties.
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GUAYULE LATEX, RUBBER, AND RESIN

F.S. Nakayama, Research Chemist; T.A. Coffelt and D.A. Dierig, Research Geneticists,
and SH. Vinyard and A. Faber, Research Technicians

PROBLEM: Because all the harvested guayule shrubs cannot be processed for latex extraction at
onetime, the plants must be stored properly to avoid loss of |atex. Thus, methods must be devel oped
to assure that the quantity of the latex is maintained in these shrubs. In addition, shrub harvest is
expected to occur throughout the year; therefore, information is needed on how the extractabl e latex
changes throughout the season to optimize harvest scheduling. Less than 10% of the plant is used
for latex production and ways must be found to utilize the waste plant material.

APPROACH: Because of the dramatic effect obtained in 1998, the experiment of maintaining the
water content of the stored shrub was repeated. More careful water treatment was made where a
timed misting system was provided to keep the plants from drying out. The ground shrub was
immersed into treated antioxidant-pH-adjusted solution immediately after chipping to avoid loss of
latex. Alternate-month harvests of four lines of guayule were continued and analyzed for latex
content.

FINDINGS: Thelatex in the stored whole shrub could be maintained for at least two weeks when
the shrub was kept moist (Fig. 1). Thelatex content of shrubsstored under a screen shade decreased
with storage time. This decrease in latex
extractability was closely related to the water
contents of the shrub (Fig. 2). Note that the
water content presented here can exceed 100%
becauseitisbased on the dry weight. Under the
misting system, the stored shrub actually gained
water.

Shrub drying below the initia 60% water
content greatly decreased the latex extracted.
| Drying occurred after only two days of storage
o in the shade. The experiment was conducted in
0 2 4 6 7 8 10 12 14 16 August when dehydration is expected to be

0
Storage time, day large. In contrast, by maintaining the shrub
0 .
Figure 1. Effect of storage condition on water cpntgnt above 80%, latex extractability
was maintai ned.

latex extractability from shrub.

The importance of water in plant cellsis shown by these results. Dehydration can cause the rubber
particlesinthe cellsto coagulate and no longer beintheemulsion state. Thus, it isnecessary to keep
the plant in amoist condition before the extraction process. The point “A” in figure 1 represents a
shrub that was stored in the shade for two days and then stored in the mister system for 5 days. The
results show that rehydration can occur with an increase in extractable latex. For commercial
purposes, adequate coordination between shrub harvest and the latex extraction process must be
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Figure 2. Effect of storage condition on
water content of shrub.
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made to insure that the shrubs do not get
dehydrated.

The latex content of the guayule shrub
appeared to follow a seasonal pattern based
on the bimonthly sampling (Fig. 3). Between
November (Time = 11) and March (Time =
15), the latex of the whole plant tended to
increase. The line 11591 had the highest
latex content per plant. The 11591 is one of
the original USDA lines developed during
the Emergency Rubber Project of the mid-
1940s. The total latex per plant (Fig. 4) did
not show the large variation as the latex
concentration. However, an extraordinary

high latex content  waspresentintheline G7-

11, but this was caused by a very large biomass of about four times that of the other lines. Plant
number for this line was limited so that the non-uniform large plants were used.

Latex, %

Figure 3. Relation between latex content and season.
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Figure 4. Relation between shrub latex content

d .
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mposite wood and resin extracts were prepared from the waste bagasse material. The composite
wood and resinimpregnated wood were placed at field sitesin May and September and will undergo

testing for approximately one year.

INTERPRETATION: Shrubs must be processed amost immediately after harvest or treated with
water to maintain latex extractability, if there are chances for delays in the processing of harvested
plants. Thisis particularly important in commercial application to commercia processing where
adequate coordination must be made between shrub harvest and latex extraction.



Waste bagasse materials can be utilized by fabricating particle boards. The resin contained in them
also could be used in asimilar manner.

FUTURE PLANS: We plan to continue the latex studies with the support of a Fund for Rural
Americagrant, which includes determining the effect of season and variety on the latex content of
shrubs, storage and chemical pretreatment of shrubs, and latex characterization. Experimental work
includes shrub storage in the open atmosphere and in water, and the use of other antioxidants or
completely eliminating them to decrease the cost of shrub preparation. Related investigations will
be done on whole shrub latex extraction to test the hypothesisthat grinding the shrub directly in the
extracting solution without atmospheric contact would maximize latex extraction and stability.

We plan to produce large quantities of purified latex in order for our cooperators to make latex
medical products for conducting physical and chemical tests.

We will continue to find ways to utilize the waste materials for pest control. These include the
fabrication of composite and resin impregnated wood products. We plan to develop cooperative
testing in amore humid climate. Existing cooperative projects will continue with the possibility of
establishing aCooperative Research and Devel opment Agreement (CRADA) to devel op usesfor the
waste bagasse to make blends and other types of high-valued, commercially useful wood products.

REFERENCES:
Nakayama, F.S.; Coffelt, T.A.; Dierig, D.A.; Vinyard, S.H.; and Eggemeyer, K.D. 1998. Guayule
Latex, Rubber, and Resin. USWCL 1998 Annual Report.

COOPERATORS: K. Cornish, USDA-ARS-PWA, Albany CA; J.A. Youngquist, USDA-Forest
Products Laboratory, Madison WI; Poo Chow, Natural Resources and Environmental Sciences,
University of Illinois, Urbana IL; D.T. Ray and D.K. Stumpf, Plant Sciences, The University of
Arizona, Tucson AZ.



GUAYULE BREEDING AND GERMPLASM EVALUATION

T.A. Coffdt and D.A. Dierig, Research Geneticists, F.S. Nakayama, Research Chemist;
and G. S. Leake, S. H. Vinyard, A. Faber, G. H. Dahlquist, A. R. Kaiser,
and P. Tomas, Research Technicians

PROBLEM: Latex dlergies caused by Heavea latex are becoming a serious hedlth problem, and so
dternative sources of hypodlergenic latex are needed. One possible sourceisguayule, but higher yidding,
fagter growing, and easier to establish germplasm is needed for it to be successful as a viable new crop.
The objectives of this study have been (1) to evauate the amount of variation within germplasm lines due
to environment and genetics,; (2) to establish new breeding plotsfor making interspecific crossesto produce
higher yidding lines, and (3) to transfer technology to cooperators for wider germplasm eva uations and
successful commercaidization.

APPROACH: Fied plots have been established at the Maricopa Agriculturd Research Center and the
U.S. Water Conservation Laboratory to provide plant materid for accomplishing these objectives.
Experimentd designs include randomized complete block designs, completely randomized designs, and
non-randomized designs depending upon the specific objectives of the experiment.

Objective 1: To edimate the genetic and environmenta components of variaion within germplasm lines,
a novel approach was used. Open-pollinated (op) seed derived plants were compared with clonally
propagated (cp) plants of the same line. Tota genotypic plus environmental variance was assumed to be
the variance observed among op plants, environmenta variance was assumed to be the variance observed
among cp plants, and genotypic variance was the difference between the total variance and environmenta
variance. Traits evauated included plant height and width as well as rubber, resin, and latex contents.
Heritabilities of these traits were estimated by dividing the genotypic variance by the total variance.

Objective 2: To establish new fied plantingsfor breeding and crossing sudies, plantsof selected lines were
transplanted at the U. S. Water Conservation Laboratory.

Objective 3: Totrangfer technology to cooperators, materid transfer agreements and trust agreementswere
developed.

FINDINGS:

Objective 1: We found that alarge portion of the variation is attributed to genotypic variation in years one
and two of plant growth, but in the third year environmentd variation is predominant. Heritability of the
traits studied aso decreased with increased plant age.

Objective 2: Plots were successfully established at the U. S. Water Conservation Laboratory for usein
breeding and crossing studies next yesr.
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Objective 3: Materid transfer agreements were Sgned with cooperators in Australiaand SouthAfrica A
trust agreement was signed with Y ulex Corporation.

INTERPRETATION: Currently, plant breeding strategiesin guayule have beento wait until plantsreach
meaturity at three or more years of age before making selections. Results from our sudiesindicate thet this
may not be the most efficient way to maximize selection for genetic variation. A more effect strategy
appears to be to make individua plant selections during the first year or two of plant growth for the traits
studied. Then breeders could mass select linesover severa generationsfollowing thesingle plant selections.
This grategy for plant improvement offersaquicker and more efficient dternative to current methods. The
results also suggest one reason why progress in guayule breeding has been dow in the past. These results
will benefit both public and private researchers developing guayule into a viable commercid latex crop.

FUTURE PLANS: Sdection will continue both within and among lines for improved characterigtics.
Superior lines identified from these experiments will be consdered for possble release as improved
germplasm. Additiona studies aso will be conducted to try better to identify how much variability within
lines is due to genetic vs. environmenta factors. Studies to improve the chances for direct seeding of
guayule also will continue. Both interspecific and intraspecific crosseswill be attempted in 2000 to increasse
the variahility for dedred traits. Sdections in these new populations should lead to higher yielding more
uniform lines. Cooperation with industry partners and other researchers will continue to help advance the
chances for commercidization of guayule.

COOPERATORS. D.T.Ray and D. Stumpf, Plant Sci. Dep., Univ. of Arizona, Tucson, AZ; M.A. Foster, Texas
Agric. Exp. Station, Texas A&M Univ., Pecos, TX; J. Fowler, New Mexico State University, Los Cruces, New Mexico;
A. Estilai, Dep. Botany and Plant Sciences, Univ. of California, Riverside, CA; K. Cornish, USDA-ARS-PWA-WRRC,
Albany, CA; W.W. Schloman, Jr., Dep. Chemistry, Univ. of Akron, Akron, OH; F.J. Adamsen and D.J. Hunsaker,
USWCL, Phoenix, AZ.
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ENVIRONMENTAL EFFECTS ON GUAYULE SEED PRODUCTION AND QUALITY

T.A. Coffdt and D.A. Dierig, Research Geneticigts, F.S. Nakayama, Research Chemist;
and G.S. Leake, SH. Vinyard, A. Faber, G.H. Dahlquist, A.R. Kaiser,
and P. Tomad, Research Technicians

PROBLEM: Data on optima harvest time for seed production in guayul e with respect to seed quantity
and qudity islacking. Thisinformation is needed to maximize seed production of the highest germination.
Obtaining sufficient quantities of seed isthe first step in increasing the acreege of guayule for successful
commercidization.

APPROACH: Seed from seven guayulelinesisbeing harvested on amonthly schedule beginning in June
1999 and continuing until seed production is completed. So far harvests have been made through
November 1999. Harvested seed is being shipped to cooperators at the University of Arizonain Tucson
for weighing, deaning, qudity evauation, and subsampling for germination testing. Subsampleswill be sent
to cooperators at New Mexico State University in Los Crucesfor germination tests. Smilar harvestsare
being conducted in Cdlifornia, New Mexico, and Texas.

FINDINGS: Evauation of the seed samplesfor quality and quantity has not been completed. However,
seed has been successfully harvested at each of the scheduled harveststhisyear. Preliminary observations
indicate that the most seed was produced at the first harvest. We observed that the first harvest was
gpproximately one month later than it should have been. We aso observed significant seed loss due to
shattering during summer raingtorms, which affected the amount of seed harvested in July and August.

INTERPRETATION: Prdiminary observations suggest that seed harvest should be sarted in Arizona
in May or possibly earlier depending on the growing season with respect to quantity of seed produced.
Reaults are not complete yet to know if this dso gppliesto seed quality. Wegther patterns can adversaly
affect the seed harvesting. Care needs to be taken when seed production isamajor objective to be able
to harvest seed when storms are forecast to prevent seed loss.

FUTURE PLANS: Seed will continue to be harvested for the remainder of this season and as early as
possible in 2000. Seed qudity and quantity will be determined for dl samplesfrom thefour locations. Data
will be anadlyzed to determine the optimum harvest date(s) for each location as well as the effects of
environment and germplasm line on seed qudity and quantity.

COOPERATORS: D. Ray and D. Stumpf, Plant Sci. Dep., Univ. of Arizona, Tucson, AZ; M. Foster, TexasA& M
Univ., Pecos, TX; A. Estilai, Dep. Botany and Plant Sci., Univ. of California, Riverside, CA; J. Fowler, New Mexico State
University, Los Cruces, NM.
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BREEDING IMPROVEMENTS OF LESQUERELLA

David A. Dierig and Terry A. Coffelt, Research Geneticists;
Francis S. Nakayama, Research Chemist; and Pernell Tomasi, Gail Dahlquist,
Aaron Kaiser, and Greg Leake, Research Technicians

PROBLEM: Lesquerellafendleri (Gray) Wats., Brassicaceae, is a potential oilseed crop native
to the southwestern United States. The seed oil contains hydroxy fatty acids, similar to castor.
Unique properties of the oil, along with coproducts, allow additional applicationsthat would not be
in competition with castor.

Other speciesof Lesquerella produce higher quantities of hydroxy fatty acid (HFA) than L. fendleri,
but none are as productive in seed yield. There are over 70 species from the western half of the U.S.
that do not cross pollinate in the wild, or by controlled crosses, due partially to self incompatibility
and incongruity between species. This aso prevents plants from producing seed from their own
pollen (self-pollination). Selfed plants are desired in studies requiring genetic ratios, in devel oping
probes for molecular markers, and in breeding for plant uniformity. Bud pollination is a method
used to circumvent self-incompatibility in other Brassi caceae by applying pollenfrom the same plant
to the stigma before the flower opens. However, for optimum amounts of selfed seed to be
produced, the correct stage of floral development must be defined. This technique could alow
hybridization between L. fendleri and other specieswith moredesirableoil profilesaswell asallow
plants to produce selfed seed.

Little information is known on variability of lesquerella for salt tolerance. Previous research
indicated that high salinity caused significant plant mortality, reduced growth rates, and decreased
seed yield. Selection of plants for germination, survival, and seed yield in high saline treatments
could alow lesguerellato be produced in areas with saline problems.

Lesquerella could be more profitable for farmersif seed-oil traits were improved. Public releases
of seed have been made in the past by this |aboratory with higher oil and lesquerolic acid contents,
and reduced oil pigmentation. Yield trials must be conducted to identify progress of new lines.

APPROACH: Flora buds of four different lines were self pollinated in the greenhouse between
eight days and one half aday before flowers opened. The lengths of the buds also were measured
at thetime of pollination. Seed was obtained from the controlled pollinations, and seed yields were
correlated to the number of days before anthesisand bud lengths. Plantsof L. fendleri and five other
Lesquerella specieslisted in Table 1 were reciprocally crossed by bud pollination.

Three lesquerella lines, a salt tolerant selection, the parent to this selection, and a test line for
comparison, were planted in sand-filled lysimeters on October 28, 1998, at the U.S. Salinity
Laboratory, Riverside CA. Irrigation solutionswere salinized on January 21, 1999, and plantswere
harvested on June 10, 1999. Experimental design was a split plot with seven irrigation water
salinities (3, 7, 11, 15, 18, 21, and 24 dSm™), 3 genotypes, and 3 replications (24 plants/rep). Plant

154



biomass and seed yields were measured at harvest. Seed also was obtained from selected plants of
the 21 and 24 dS/ m™* treatments by controlled bud self pollination where pollen from a surviving
plant in one of two treatments was transferred to the stigma of another plant within the same
treatment before the flower opened.

Half sib families selected for plant height and seed yield were grown in ayield trial at Maricopa
Agricultural Center (MAC) and Tucson AZ. Six additional lines, three previously released
germplasm lines, and three further improved descendent lines also were planted for comparisons
(Table2). One of the three lines was selected for oil, one for lesquerolic acid content, and one for
the combination of oil and lesquerolic acid content. All were compared to the three released lines
(WCL-LO1, WCL-LH1, WCL-LY1) and an unselected control.

FINDINGS: The best seed yields were obtained from plants that had been bud pollinated between
one and three days before flowers opened. The best bud length for this method was between five
and seven mm. No differences were found among the four linestested. Limited numbers of seeds
were obtained from crosses between L. fendleri and lindheimeri, gracillis, and pallida species|listed
in Table 1. Hybrid plants are being grown for confirmation of hybridity and evaluation.

Table 1. Chromosome number, ail, lesquerolic acid, and auricolic acid of L. fendleri and five other species used for
interspecific crosses.

Lesquerella n=x Oil lesquerolic acid auricolic acid
species content (C20-10H) (C20-20H)
fendleri 6 23.6 50.2 trace
lindheimeri 6 21.6 81.7 0.35
mcvaughiana 6 17.1 46.3 1.23
gracillis 6 28.9 68.8 trace
auriculata 8 33 8.1 174
pallida 6 na 814 3.68

The selected salt tolerant line had significantly higher rates of survival than the parental line after
three weeks salination and the test line after six weeks. Vegetative growth aso was reduced more
by salinity in the parental and test linesthan in the salt tolerant line. Seed yield (g/ plant) increased
inall linesup to 11 dS/m. The salt tolerant line out-yielded the parental line by about 2:1 (Fig. 1).
At higher salinities, seed yield of the salt tolerant line was greater than both other lines combined.
Salinity treatments of 11 dS/m and higher resulted in increased oil and lesquerolic acid content
compared to the low salinity treatments.

Performance in seed yield and other yield related traits were better in Maricopa compared to the
Tucson location (Table 2). Oil and lesquerolic acid content of WCL-LY 2 were higher than the
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unselected control and released lines. Seed yield was not directly selected but was improved in
WCL-LY 2 compared to the unselected control. No significant difference was found for plant height
and seed yield from the half sib lines at either location.

Table 2. Comparison of six lines and a control line for ail, lesquerolic acid, and both oil and lesguerolic acid grown
at Maricopa and Tucson AZ. The lines starting with 98 are new lines being tested, the WCL lines are previously
released, and the control is unselected.

Qil content (%) Lesquerolic acid (%)  Seed yield (g/plant)
line Maricopa | Tucson Maricopa | Tucson Maricopa | Tucson
(sel. basis)
98LO (ail) 29.0a 254 &b 53.9bc 52.6 ab na na
98LH (lesq acid) 25.2¢c 23.8b 549a 53.8a na na
98LY(WCL-LY2)(both) [ 290.41a |[26.7a 54.1b 53.1ab 3b5a 24.1a
WCL-LOL1 (oil) 264D 2440 52.6d 524 ab 286D 239a
WCL-LH1 (lesq acid) 26.8b 245D 53.9 bc 516D 324 ab 239a
WCL-LY1 (both) 27.1b 25.1ab 535¢c 52.7 ab 31.8ab 19.7a
Control 24.85¢ 240D 535¢c 529 ab 27.1b 220a
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Figure 1. Comparison of three lines growing under different salinity trestments. Line A isan unselected control, B is
the parent line of the selection, and C is the salt tolerant selection.
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INTERPRETATION: A method for bud pollination has been defined for lesquerella. This
breakthrough has allowed seeds to be produced from a plant with its own pollen and produce a
segregating generation. Ratios reported in last year’s U.S. Water Conservation Laboratory Annual
Research Report indicated male sterility in lesquerellais controlled by two epistatic genes can be
verified using this method of seed production. This aso has allowed interspecific hybrids to be
produced with potentially much higher levels of lesquerolic acid contents.

The salt tolerant selection outperformed the two comparison linesin vigor, growth, and seed yield.
This germplasm is now in the process of apublic release under the name WCL-SL 1 and seed will
be available to researchers by written request. This germplasm should be suitable for planting in
saline problem areas of Texas, New Mexico, Arizona, and California.

The WCL-LY 2 was significantly higher in oil, lesquerolic acid content, and seed yield when grown
a MAC. MAC was a superior location to Tucson for this germplasm. Thisgermplasmisasoin
the process of a public release and seed will be available to researchers upon written request. The
Tucson

location has potential asagrowing site but sel ection would need to be donethere. Theseresultsalso
indicate the need to test germplasm at multiple locations in order to select lines that are stable for
high yield in multiple environments, in order to insure that growerswill receive the highest yielding
germplasm for their growing conditions.

FUTURE PLANS: Interspecific progeny from L. fendleri X pallida, gracillis, and lindheimeri are
being evaluated. Backcrosses and self pollinations will be made, and oil and fatty acid contents
measured. Selfed seeds of five plants will be grown and selfed for another generation. This will
continue for several more generationsin an attempt to produce near isogenic lines.  Seed from the
past male sterility study that resulted in 1:3 ratios will be planted and selfed to obtain a 1:1
generation that would confirm the 13:3 epistasis hypothesis.

Crosses from the 21 ds m™ treatment will be planted again in the same treatment for further salt
tolerance selection. Plants will be direct seeded into sand tanks.

The seed from the WCL-LY 2 will be planted in afield at MAC for continued recurrent selection.
The number of plants harvested will be increased, and selection will be based on oil content and
seed yield. Lesquerolic acid content will not be a selection criteria because progress has been poor
for that trait.

COOPERATORS. R.L. Roth, University of Arizona, Maricopa AZ; Catherine M. Grieve and Michael C.
Shannon, ARS, US Salinity Lab., Riverside CA; D.T. Ray, University of Arizona, Tucson AZ.
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LESQUERELLA GERMPLASM COLLECTION AND EVALUATION

D.A. Dierig and T.A. Coffdt, Research Geneticigts, F.S.Nakayama, Research Chemigt; and A.
Sdywon, A. Kaiser, G. H. Dahlquist, G. Leake, and P. Tomasi, Research.Technicians

PROBLEM: Lesquerellaseed could provide U.S. industrid marketswith asource of hydroxy fatty acids.

Inthe padt, these markets have been satisfied by imports of castor for many typesof industria gpplications,
such as paints, coatings, lubricantsand greases. Imports of castor oil and derivativesamount to morethan
65,000 tons per year a avaue exceeding $100 million per year. The unique chemica structure of the ail
from Lesquerdla, athough smilar to castor, offers distinct advantages for development of other
gpplications, aswdll as being a partia replacement for castor ail.

There are some lesquerella species native only to Mexico that have not previoudy been collected or
evaluated. Species such as L. fendleri occur both in the U.S. and Mexico; however, different biotypes
are location specific. Increasing genetic diversity improves potentia plant breeding progress.

Only limited amounts of seed from germplasm collections are able to be obtained from the wild. Seed
increases, evauation, and passport information are necessary successfully to utilize these accessonsin our
breeding program. Itisaso necessary to make seed available to other researchers through the Nationa
Pant Germplasm System (NPGS).

APPROACH: Fant permitsfor collection in Mexico were obtained through the U.S. Embassy in Mexico
City, Office of Environment, Science and Technology Affars. A database of plant locditieswas assembled
by vigting Herbariaa Missouri Botanical Gardensin . Louis, Arizona State University, and Universdad
Autonoma Agraria Antonio Narro in Sdtillo Mexico. Harvard University’s Gray Herbarium sent
information from their collections and Kathryn Rollins donated the field book of the late Dr. Reed Rollins
from his Mexico collection to us. Our cooperator in Mexico was Dra. Diana Jasso de Rodriguez. The
states visited for collection in Mexico included Coahuila, Nuevo Leon, Tamaulipas, Durango, Zacatecas,
and San LuisPotis. Siteswerevisted; and, if plantswerefound, seedswere collected, voucher specimens
taken and pressed for herbarium mounting, and the location recorded from a GPS reading. In many cases,
we located plants while in flower and returned when seed wasrripe.

Seeds originating from past collection trips between 1993 and 1996 from the U.S. werefield or greenhouse
grown at the U. S. Water Conservation Laboratory (USWCL) for seed increase and evauation. When
only limited seed quantities were available, seeds were started in the greenhouse in October and
transplanted into the fild in November and December. When plants began to flower, screen cages were
placed over individud fied plots and supplied with housefly larvae which then emerged for pollination.
Houseflies were effective pollinators and are very inexpensive compared to honey bees. The pollinators
within cages prevented cross pollination with other accessions. Plants adso were grown in greenhouses if
the accession of a species was not adaptable to an Arizona climate. Plants of different species could be
grown together since they will not cross-pollinate. Hies aso were placed in the greenhouses on aweekly
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basis during the flowering period. Larvae were incubated at room temperature for one day before placing
inthe greenhouse. Plant growth measurements were taken throughout the season. After harvest, seedsfrom
each accesson were analyzed for oil content and composition. Following harvest, seeds of increased
ons were sent to the Agriculture Research Service (ARS) Curator in Pullman, Washington, to be
entered in the NPGS.

FINDINGS: Sixty-five accessions from 26 species were increased this year at the USWCL (Table 1).
Some accessions could not be successfully grown outdoorsinthis climate and, asaresult, had to be grown
inthe greenhouse. Seed yiddsin the greenhouse were improved this year due to the addition of houseflies
(Musca domestica) as pallinators. 1n the past years we have had to pollinate flowers by hand to obtain
seed because of sdlf-incompatibility. We tried unsuccessfully using blue orchard bees, Osmia lignaria,
and leaf cutter beesthat we obtained from cooperator ARS Scientist Vince Tepedino.  Some ons
were grown in the field and in the greenhouse. The trend was that oil and lesquerolic acid contents were
higher inthe fidd. Descriptive data on plant growth also were collected. There were adequate amounts
of seed harvested from many of these accessions so they could be sent for entry into NPGS.

Table 1. Results of evaluation of Lesquerella speciesincreased and eval uated at the USWCL,1998-99.

Collection Lesquerella Qil (%) Lesqueralic Seed Weight (g)
Number Species Acid (%)
1 A1800 gordonii 2054 59.21 118.28
2 Al1834 fendleri 22.24 4858 8.59
3 A1835 purpurea 19.44 59.88 451
4 A1854F ! fendleri 2544 52.14 105.95
5 A1859 pinetorum 21.85 56.81 76.03
6 A1869F cinerea 24.98 54.57 4757
7 A1873 rectipes 19.37 4848 524
8 A1875 rectipes 2354 50.48 4876
9 A1879 intermedia 2381 4712 10.98
10 A1882F intermedia 24.75 50.18 318
11 A1894F arizonica 26.78 52.66 12.18
12 A1902 kaibabensis 16.06 48.69 454
13 A1903 rectipes 24.25 52.46 23.19
14 A1911 ovalifolia na na 312
15 A1922F ovalifolia 26.79 50.19 388
16 A1923 rectipes 16.22 44.78 4.60
17 A1927 intermedia 20.24 52.27 19.36
18 A1930F intermedia 23.83 53.27 1161
19 A1931 cinerea 22.25 4958 361
20 A2202 densiflora 16.29 59.56 4335
21 A2203 recurvata 16.87 68.92 6.49
2 A2205 recurvata 1781 67.99 852
23 A2208 recurvata 1349 66.75 6.49
24 A2210 argyraea 1592 70.77 34.90
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25 A2212 argyraea 1353 5355 26.85
26 A2225 argyraea 17.13 60.66 85.77
Collection Lesquerella Qil (%) Lesqueralic Seed Weight (g)
Number Species Acid (%)

27 A2239 argyraea 23.62 5834 133.89
28 A2258F fendleri 2390 52.29 1214
29 A2279F mcvaughiana 21.22 55.20 80.97
30 A2297 angustifolia na 4861 4392
31 A2401 douglasii 1527 42.97 1%
32 A2402 douglasii 1717 4817 33.90
33 A2403 douglasii 2048 46.71 2212
A A2404 douglasii na na 0.10
35 A2405F douglasii 24.08 4899 104
36 A2406F douglasii 24.03 4917 3.20
37 A28%4 densipila 17.41 156 [27.4]* 355
33 A2914 gordonii 1521 52.72 251
39 A2919F ovalifolia 16.18 52.37 8.96
40 A2920F ovalifolia 1815 54.84 11.88
11 A2921 gracilis 1743 63.13 0.64
42 A2922 ovalifolia 9.80 50.45 23.66
4 A2926 gracilis 17.72 63.56 129.50
45 A2933 angustifolia na na 0.30
43 A2934 ovalifolia 1234 49.05 2822
47 A2935 ovalifolia 1544 55.50 78.39
48 A2939 gordonii 27.80 59.91 2364
49 A2997F fendleri 24.48 47.17 0.76
50 A3000 lyrata 1898 19.89 [23.2]* 292
51 A3010 gordonii 1468 56.04 101
52 A3009 auriculata 19.33 4.35[12.76]** 24.77
53 A3003 gordonii na na 19 seeds
54 A3011 auriculata 16.37 2.63[8.79]** 8151
55 A3029 intermedia 1884 49.26 131
56 A3042 ludoviciana 20.10 47.63 512
57 A3060 ludoviciana 1884 2843 127
58 A3062 ludoviciana na na 168 seeds
59 A3079 montana na na 0.19
60 A3103 parvifolia na na 020
61 A3132 ludoviciana 2081 na 355
62 A3178 montana 24.83 50.36 4337
63 A3179 hemiphysaria 25.88 56.58 267
64 A3219 pallida 17.37 79.69 235
65 A3220 hanford 2157 46.06 28.39

* bracket [ ] indicates avalue for densipolic acid, C18:20H,;
**pracket [] indicates avalue for auricolic acid, C20:20H;
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naindicates data not available;
*an F following the collection number indicatesit was field rather than greenhouse grown.

Thirty accessons of four species of lesquerdlawere collected in Mexico. Two of these, L. mexicana and
L. schaffneri, have never been in the NPGS before. Sixteen of the collections were L. fendleri, which
was emphasized because this is the primary species identified for domegtication. Some of the collections
need to be revisited for more seed because some did not germinate. Theinviable seed was likely due to
seed immaturity.

INTERPRETATION: Breeding L. fendleri with wild rdaives may yield offoring that bear bigger
seeds with more oil and higher amounts of hydroxy fatty acid. It so may expand the growing region
outs de the southwest U.S. Consdering the cost of obtaining seed from germplasm collection trips, the seed
from this project is very vauable. Specid care must be taken to assure that seed is increased without
contamination from other accessions, evaluated to obtain usable information about the accession, and
properly handled from harvest to storage. The seed deposited into NPGS benefits researchers nationally
and internationdly. It dso has along term benefit to our breeding program.

It isunknown at present how the seed from the Mexican collection will impact breeding of lesquerdlla
These plants need to be characterized and compared to US collections. Thiswill be carried out next year.

FUTURE PLANS: A sarvicecontract isin placewith the cooperator in Mexico to continue collecting from
October 1, 1999, until September 30, 2000. Therewere some locationswhere plantswere not flowering,
and we were not able to return in time for seed or there was not enough rain for plants to reach the full
flowering cycle. Seed will be obtained from these accessions and other locdlities not visited thisyear. The
germplasm collected in Mexico will be evaluated and increased next season.

COOPERATORS: K. Williams and A.S. Stoner, National Germplasm Resources Laboratory, Beltsville MD; R.H.
Lawson, ARS-NPS; D. Jasso de Rodriquez, Raul Rodriquez, and Jose Angel Villarea Universidad Autonoma Agraria
Antonio (UAAAN), Sdltillo, Mexico; Ignacio Moreno Murrieta, ITESM, Monterrey, Mexico; D.T. Ray, University of
Arizona, Tucson AZ; Vicki Bradley and Steve Clement, Plant Germplasm Introduction Station, Pullman WA; Vince
Tepedino, ARS, Logan UT.
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TECHNOLOGY TRANSFER

Following are summaries of the laboratory’ s mgjor technology transfer accomplishments for 1999.

Irrigation and Water Quality

Scientists: Fedja Strelkoff and Bert Clemmens - Release of Surface Irrigation Simulation
Software

Bert Clemmens and Fedja Strelkoff, a Univergity of Arizona cooperator, formaly released a new
generation of user-friendly software for the smulation of surface irrigation events. The software
provides quick responsesto avariety of “what-if” scenarios that can be proposed by field advisors,
consultants, extension personnd, etc., to assst in the development of recommendations for water-
saving, high-efficiency surface irrigation with the methods suitable for their geographica area. A wide
variety of surface-irrigation techniques and scenarios can be smulated with this program, and the output
a0 can be used inirrigation training courses. 1n a nontraditiona gpplication, the program is being used
in design efforts to reduce the sediment load of sorm runoff passing through agriculturd landsinto
waterways. The Natural Resources Conservation Service made its web Site available to the generd
public for downloading the software. 1t is being downloaded by NRCS personnd, field offices,
consultants, and university researchers. The expected impact is better desgn and management of
surface irrigation systems with increased efficiency and decreased degradation of stresms and
groundwaters receiving the effluent.

Scientist: Herman Bouwer - Sewage Effects on Underlying Groundwater

Through meetings of such groups as the World Federation of Scientists, who met in Erice, Itdy, in
August 1998; presentations, and publications, Herman Bouwer has informed a broadly based audience
in the scientific community and the public sector of aless-well-known potentid groundweter hazard
from irrigating with sewage effluent. In addition to the norma concern about groundwater
contamination from sdlts, nitrates, and pesticides, careful scrutiny of effluent quaity parametersindicates
that other contaminants such as disinfection byproducts (DBPs) and pharmaceuticaly active chemicas
(PACHs) can dso reach groundwater. In rdatively dry climates, the concentrations of these chemicals
in the drainage water can be amultiple of those in the effluent itsdf. Thisis aworldwide problem.
Sewage effluent increasingly will become an important source of irrigation water as growing cities need
more water, growing populations need more food, and streams and lakes need to be kept clean. The
impact of disseminating thisinformation is to prompt research needed to guide policy and practices to
address the problem. There are currently two research thrusts: a controlled greenhouse study with
vegetated soil columns below fields to be conducted at the U. S. Water Conservation Laboratory
(USWCL) and fidd studies in developing countries to sample groundwater below fields with along
history of sewage irrigation. Within the U.S,, sudies in cooperation with universties and hedth
agencies are being planned, and plans for internationd participation have been initiated through the
World Federation of Scientists.



Scientist: Herman Bouwer - Smplified Cylinder Infiltrometer Technologies

The amplified cylinder infiltrometer technology developed a the USWCL is gaining nationd and
international acceptance as a Smple and effective method to predict infiltration rates for groundwater
recharge basins or other flooded areas. The infiltrometers are reatively smal with diameters of about 2
feet, and they are about 1 foot deep. Effects of laterd flow in the soil around the cylinder, which
formerly led to grosdy overestimated infiltration rates, are taken into account. Also consdered are
water depth in the cylinder and limited depth of wetting of the soil to convert measured infiltration rates
ingde the cylinder to infiltration rates that would be expected for large flooded areas. The method has
been used as atool to screen Stesfor artificid recharge of groundwater and for design of infiltration
systems. Technology transfer was via persond contacts with users, manuscript handouts, presentations
at conferences, and publication in a peer-reviewed engineering journd.

Scientist: Bert Clemmens - Release of Software for Flow M easurement Structures

Over the last three decades, scientists at the USWCL developed technology for measuring the flow
rate of irrigation water in open channd cands. In particular, research focused on development and use
of long-throated flumes, which have become standard devices worldwide because of their low codt,
amplicity, and high accuracy. Software developed by USWCL for the design and cdlibration of these
structures was recently greetly improved through cooperation with U. S. Bureau of Reclamation
engineers who converted the software to a more user-friendly windows environment. This softwareis
now available on the Bureau' s web site and has been distributed widely. This should significantly
improve the adoption of this flow measurement technology.

Scientist:  John Replogle - Measuring Irrigation Well Discharges

Congtruction and field-use information has been published related to a device developed by John
Replogle that can be used to measureirrigation or drainage well discharges or to evauate the behavior
of an exiding ingdled pipe meter. This specid combination pitot-static-tube system is inexpensive and
convenient to use, particularly on welsthat spill directly into cands or streams. It can be constructed
from standard materias using ordinary machine shop procedures, and the entire kit fits into a sandard
briefcase. The system provides irrigation district technicians an inexpendve, convenient tool to evauate
exiging meter ingdlations and to measure discharges from previoudy unmeasured wells. Thisdeviceis
expected to provide a means to evaluate both irrigation and drainage pumps, particularly in those
ingtances where a few evauations are needed on an infrequent basis and investment in dternate
technology, such as ultrasonic-meter equipment and training, is not economicaly feesible.

Environmental and Plant Dynamics

Scientist: Bruce Kimball - FACE Wheat Data Sets

Tedting of severd wheat growth models againgt Arizona Free-Air CO,-Enrichment (FACE) whesat data
setswas one of the primary activities at the Workshop of the Globa Changein Terrestrid Ecosystems
(GCTE) Wheat Modding Network held in Potsdam, Germany, in November 1998. Becausethe
growth data were obtained at frequent intervas through the growing season and because many needed
ancillary measurements were made, these data were epeciadly vauable for the vaidation process for



both present and future CO, conditions. The performance of each modd in terms of its ability to
smulate two of the Arizona FACE whest data sets (as well as some others) is being made a part of the
GCTE Wheat Network Metefile record of each registered wheat model. These experiments were
supported primarily by the U.S. Water Conservation Laboratory and a Department of Energy grant to
the Universty of Arizona

Scientist: DaveDierig - Release of New Lesguerella fendleri Germplasm Line

Scientists at the USWCL have developed and released anew line of Lesquerella fendleri, a potential
new industrid oilseed crop, that will sgnificantly advance its commercidization. The new line hasless
pigmentation, thereby overcoming the requirement for expensive processing to remove pigmentation
from the oil needed for many uses. Development of lesquerdlainto a viable commercid crop will
provide an dternative crop for U.S. farmers and an dternative domestic source of hydroxy fatty acids,
presently filled by imported castor.
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